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ABSTRACT 
Growth patterns during liquidholid phase transformation are governed by 
simultaneous effects of heat and mass transfer mechanisms, creation of new interfaces, jump 
of the crystalIization units from liquid to solid and their rearrangement in the solid matrix. To 
examine how the above processes influence the scale of microstructure, two eutectic systems 
are chosen for the study: a polymeric system polyethylene glycol-p-dibrornobenzene 
(PEG-DBBZ) and a simple molecular system succinonitrile (SCN)-camphor. 
The scaling law for SCN-camphor system is found to foIlow the classical 
Jackson-Hunt model of circular rod eutectic, where the diffusion in the liquid and the 
interface energy are the main physics governing the two-phase pattern. In contrast, a 
significantly different scaling law is observed for the polymer system. The interface kinetics 
of PEG phase and its solute concentration dependence thus have been critically investigated 
for the first time by directional solidification technique. A model is then proposed that shows 
that the two-phase pattern in polymers is governed by the interface diffusion and the interface 
kinetics. 
In SCN-camphor system, a new branch of eutectic, elliptical shape rod, is found in 
thin samples where only one layer of camphor rods is present. It is found that the orientation 
of the ellipse can change from the major axis in the direction of the thickness to the direction 
of the width as the velocity and/or the sample thickness is decreased. A theoretical model is 
deveIoped that predicts the spacing and orientation of the elliptical rods in a thin sample. 
The single phase growth patterns of SCN-camphor system were also examined with 
emphasis on the three-dimensional single cell and cell/dendrite transition. For the 3D single 
cell in a capillary tube, the entire cell shape ahead of the eutectic front can be described by 
vii 
the Saffmann -Taylor finger only at extremely low growth rate. A 3D directional 
solidification model is developed to characterize the cell shape and tip undercooling and the 
experimental results are compared with the predictions of the model. From the investigation 
of ceWdendrite transition, a mode1 is proposed, from which the condition for the onset of the 
transition can be obtained. 
1 
CHAPTER 1. GENERAL INTRODUCTION 
1. Introduction 
Solidification is a phase transformation process in which a volume of Iiquid is frozen 
into solid(s). It involves complex heat and mass transfer in the solid and liquid and within the 
interface region, the creation of new interfaces, and attachment of crystallization units from 
liquid to solid at the interface and their rearrangement in the solid matrix. A specific interface 
pattern. is selected by the system through the interaction of these processes under given 
experimental conditions. Consequently a variety of interface patterns can be obtained by 
changing experimental conditions. 
In different materials, the physical process governing the pattern formation can be 
quite different. For example, for simple atorniclmolecular materials, solid/Iiquid interfaces 
are non-faceted so that the kinetic effect is usually negligible; while this effect is dominant 
for faceted and polymeric materials. On the other hand, the microstructure of a non-faceted 
material may also be controlled by the interface kinetics under extremeIy high growth rates. 
Therefore how the external processing conditions interact with internal properties to dictate 
the interface pattern constitutes the foremost important subject in solidification science. 
Very interestingly, similar interface patterns are observed in different materials, such 
as the dendritic structure of a singIe phase shown in figures I f l -31 and the dual phase 
structure shown in figure 2 [4-61. Though morphologically similar, the length scales in 
different materials can be significantly different. For instance, for the rod-eutectic 
microstructure in Fig. 2, the average rod spacing is on the order of 10 pm, 1 pm and 10 nm in 
the metallic AI-Cu (Fig. 2(a)), the ceramic alumina-zirconia (Fig. 2(b)) and the polymeric 
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PE-PS system (Fig. 2(c)) respectively. Thus, how a system chooses its microstructure length 
scale makes up the second important fields in the solidification studies, This field is even 
more significant since the length scale of a solidified microstructure decisively controls many 
properties of a material. 
There are two distinct cases of microstructure evolution that depend on the direction 
of heat flow and the direction of the crystal growth in solidification processes, and they are 
calIed unconstrained or constrained growth. Unconstrained growth (undercooled growth) 
Figure 1. Dendritic patterns of (a) Snowflake [I]; (b) Solidified Poly(ethylene oxide) in 
PEO/PMMA blend [2]; and (c) Hexagonal crystal from a commercia1 glass [3], 
(a) (b) (c> 
Figure 2. Eutectic patterns of (a) Metallic system [4]; (b) Ceramic system [5j; and (c) 
Polymeric system [6 ] .  
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occurs in undercoofed melts where the homogeneous or heterogeneous nucleation initiates 
the solidification process. In undercooled growth, the externally controllable parameter is the 
undercooling of a melt, while the growth velocity and interface temperature are selected by 
the solidification system together with a specific pattern and its length-scale. If the heat is 
dissipated in a unidirectional manner, directional solidification occurs. The great advantage 
of directional over undercooled growth is that this process can offer the independent and 
accurate control of growth velocity (V), temperature gradient (G), and the alloy composition 
(CO), therefore the interface response can be quantitatively examined since these three 
variables are the only input parameters. This feature makes directional solidification an 
appropriate technique to quantitatively study pattern formation probIem. 
In this research, we shall investigate the formation of single-phase and two-phase 
patterns in eutectic systems. Two eutectic systems are examined through directional 
solidification experiments: one is composed of succinonitrile (SCN) and camphor, where 
both components are non-faceted with negligible interface kinetics; the other consists of 
polyethylene gIycol (PEG) and 1,4-dibrornobenzene (DBBZ), where both Components are 
faceted with strong kinetic effects. The first one will serve as a model system to study 
single-phase patterns with two objectives: (1) to develop a theoretical model to characterize 
the shape selection of a cell and its tip undercooling in near-eutectic alloys; and (2) to 
uncover the relationship that governs the growth pattern transition from cells to dendrites in 
dilute alloys. It will also be employed to model the pattern evolution of rod-eutectic growth 
in a confined sample cell. The second eutectic system will be used to investigate the role of 
interface kinetics in the formation of growth patterns and to understand the fundamental 
physics and length scale selection of eutectic growth strongly influenced by the growth 
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kinetics. Specifically the scaling laws in these two eutectic systems shall be significantly 
different, from which the physics governing the selection of eutectic length spacing and 
undercooling will be investigated. The detailed study will be presented in the following 
chapters. 
2. Dissertation Organization 
This dissertation is written in an alternate format composed of two published papers, 
and 5 original manuscripts. References cited within each paper or manuscript are placed 
immediately after it. The dissei-tation begins with a general introduction as Chapter 1 and 
ends with a general conclusion as Chapter 9. 
The detailed experimental results in SCN-camphor system are discussed in chapters 2 
to 6.  Among them, chapter 2, “Re-Determination of Succinonitrile (SCN) I Camphor Phase 
Diagram” and chapter 3, “Determination of the Solute Coefficient by the Droplet Migration 
Method”, focus on the evaluation of SCN-camphor phase diagram and system parameters, 
including liquidus slope in, equilibrium distribution coefficient k and solute diffusion 
coefficient D, which are indispensable for inodeling selection of growth patterns. In chapter 4, 
“Cellular Microstructure in Directional Solidification”, the characteristics of SCN cellular 
pattern in capillary samples during directional solidification are investigated with near 
eutectic alloys in which a eutectic microstructure forms in the intercellular region. A 
theoretical model, based on the three-dimensional Saffmann-Taylor model is developed to 
characterize the shape of the cell and the undercooling at the tip. Chapter 5 is “Cell-dendrite 
Transition in Succinonitrile (SCN)-camphor AlIoys”, in which the key parameter, hcd (critical 
spacing), that controls the cell-dendrite transition is correlated with the alloy composition C,, 
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temperature gradient G and growth velocity V through the relationship hcd (GV)1/3C,1’4=25.3 
prn by examining the directional solidified SCN-camphor dilute alloys. The results of 
two-phase structure of SCN-camphor eutectic alloy are presented in chapter 6,  “Growth and 
Morphology of Rod Eutectics”, where a model is developed for the pafdern evolution of 
rod-eutectic growth in a confined sample cell, 
Chapter 7 and 8 discuss the experimental results in PEG-DBBZ system. In chapter 7, 
“Crystallization Kinetics in Binary Polymer Systems”, the directional crystallization 
technique is employed to study the crystallization kinetics of PEG and then the interface 
kinetic laws of PEG-based alloys are investigated so that the effect of interface kinetics in 
two-phase eutectic patterns in polymeric systems can be quantitatively evaluated. 
Incorporating this interface kinetic law with the appropriate mass transfer mechanism in the 
liquid obtained from the experimental eutectic growth scaling law, an analytical model for 
polymeric eutectic growth is developed for polymeric eutectic growth. This work is described 
in chapter 8, “Crystallization Mechanism in Binary Polymeric Eutectics”. 
3. Literature Review 
3.1. Single-phase growth patterns 
A schematic eutectic binary phase diagram is shown in Fig. 3. At equiiibrium 
condition, a fiquid of composition CE will form two solid phases simultaneously: aphase 
with composition C,, and p phase of composition C,p at a unique temperature TE. 
If the alloy cornposition is not at CE, the primary phase will grow first which is 
followed by the eutectic reaction behind the primary phase interface. The morphology of this 
primary phase can be planar, cellular or dendritic depending on growth conditions in a 
6 
directional solidification process. For a given alloy composition and temperature gradient, a 
planar interface is observed at low velocities. As the growth velocity is increased, the planar 
front becomes unstable and reorganizes into a periodic array of cells or dendrites, as shown 
in Fig. 4 [7] .  
The critical condition for planar front growth has been established by Mullins and 
Sekerkat81 and has been well verified experimentally. Significant development has also been 
made in the understanding of dendritic growth. The shape of a tip has been proved to be a 
paraboloid of revolution and its stability can be well described by the linear stability theory 
[9]. On the contrary, for cellular growth, because of the complicated thermal and solutal 
interactions between neighboring cells and the dependence of cell shape on local spacing, 
there remain some critical aspects unsolved in this area, such as the cell shape selection and 
the pattern stability, etc. 
I 
I 
I 
I 
I 
a 
A c,, CE CsP B 
, Figure 3. Schematic eutectic phase diagram. 
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Figure 4. The effect of growth velocity on interface pattern in SCN- 4.0 wt % acetone system 
directionally solidified in thin rectangular samples at G = 6.7 Wmm. (a) A cellular pattern at 
V = 0.56 pin/s and (b) a dendritic pattern at V = 10.0 pmls [7]. 
Although the general shape of the cell is complex, the experimental studies in a 
binary alloy of succinonitrile-salol showed that the cell shape and spacing follows some 
specific scaling laws, When only cells are present in a steady-state array, all apparently 
differing cell-shapes collapse onto a single shape when they are scaled with the local spacing 
[lo]. The theoretical prediction from the phase-field model agreed with this experimental 
result and the phase-field numerical calculation of cell shape matched with the experimental 
shape within optical resolution. This cell shape interpolates between the asymptotic Scheil 
equation far from the tip and the 2D-Saffman-Taylor shape near the tip region [l l] .  In 
addition, Trivedi et ai. [12] have shown that at low velocities, in the presence of intercellular 
8 
eutectic, the cell shapes ahead of the eutectic front can be described by the Saffman-Taylor 
finger shape. In directiona1 solidification, the cell is three dimensional, which requires the 
modification of the classic 2D Saffman-Taylor model. Therefore, in this research, we will 
investigate the cellular structure in a thin cylindrical tube with SCN-camphor system and 
develop a 3D directional solidification model based on the results of the finger problem. 
During directional solidification, the morphological transition from cells to dendrites 
is not shape but  gradual. Therefore, cells and dendrites can co-exist over a range of growth 
conditions 17,134 41. The cell-dendrite transition (CDT) has been studied both 
experimentally and theoreticaIly and several models have been developed E1 5-  161. However, 
the criterions that been proposed in those models did not seem to agree with all the 
experimental studies in different alloy systems [17]. Recently, Trivedi el. al. [18] found a 
quantitative relationship for CDT transition that incorporates local spacing. We will continue 
to pursue this morphological transition in this research by using SCN-camphor system to 
determine the relationship of CDT with the critical spacing, growth condition and system 
parameters. 
3,2. Fundamentals of eutectic growth 
For the solidification of eutectic alloy, complex patterns can form at the solid-liquid 
interface since the eutectic reaction involves two solid phases. The eutectic morphology 
depends on the interface structures of two component phases. If both phases are non-faceted, 
regular rod or lamellar structures may form during solidification, while irregular structures 
may evolve if the eutectic contains at least one faceted phase. The volume fraction of the two 
phases, which is controlled by the alloy composition, also affects the eutectic morphology, 
9 
When the volume fraction of one phase is between 0 and 0.28, the eutectic will probably be 
fibrous (rod); especially if both phases are of non-faceted type. When the volume fraction is 
between 0.28 and 0.50, the eutectic tends to be lamellar [19]. Figure 5 [20-21 J showed 
structures for all 3 eutectic types. 
Solidifying at eutectic point is not the only way to acquire eutectic structures. 
Actually, the eutectic morphology can be observed in a range of compositions, and this 
composition range is called coupled zone. There exist two kinds of coupled zone: regular or 
Figure 5.  Examples of eutectic structures of (a) Regular eutectic, lamellar structure in 
Pb-17.4% Cd system [20]; (b) Regular eutectic, rod structure in Sn-lKOwt% Pb system [203; 
(c) Irregular eutectics, facetedhon-faceted succinonitrile-borneol system [2 11; and (d) 
Irregular eutectic, faceted/faceted azobenzene-bend system 12 11. 
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skewed [20], as shown schematically in figure 6 ,  in which coupled eutectic growth in' the 
hatched regions is favored over primary single phase growth in a competitive manner. 
Figure 7 is a schematic diagram of 2D lamellar eutectic interface in which a periodic 
arrangement of parallel sheets of a and p growing co-operatively in a side-by-side fashion. 
The definitions of spacing h and undercooling AT are marked on the figure. Undercooling is 
the difference between eutectic melting point and the local actual temperature of the growing 
front, TE-Ti, which describes the driving force for eutectic growth. This total undercooling 
can be separated into different terms, AT, for solute diffusion, ATc for surface energy, ATk for 
interface attachment kinetics, ATT for thermal diffusion, and ATz for strain energy effect. 
Among these terms, ATT is negIigible in directional solidification; ATE only exists at some 
certain cases. Therefore the major contributions to undercooling come from the first three 
terms. 
The solute diffusion is caused by the concentration difference in the liquid, CE, and 
solid phase, Csa for a phase and Csp for p phase respectively (Fig. 3). The A-rich a phase 
rejects B-atoms in order to form a phase with composition Csa from more concentrated 
composition CE, thus the Iocal composition of the liquid in front of a phase increases. 
Similarly, the 6-rich p phase rejects A-atoms to increase its composition to Csp and the local 
composition of the liquid in front of p phase decreases. A composition gradient develops in 
the liquid ahead of the advancing interface with more B-rich in front of a phase and more 
A-rich in front of p phase. The accumulated component ahead of each phase has to diffuse 
away so. that the interface can keep advancing. Assuming local equilibrium, then the driving 
force required for the solute diffusion can be calculated as ATc = -m(CE-C(x>) where C(x) is 
I 1  
L 
C€ 
Cornposit ion 
I 
CE 
Composition 
(b) 
Figure 6. Schematic eutectic phase diagrams showing the temperature-composition zone 
(shaded regions) in which coupled eutectic growth will occur for (a) a regular coupled zone 
and (b) a skewed coupled zone [20]. 
X 
Figure 7. Schematic of 2D lamellar interface showing the undercooling AT and lamellar 
spacing h. 
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the composition of the interface at x and it can be obtained from the solution of appropriate 
diffusion equations. 
The diffusion of solute tends to minimize the scale of the morphology (eutectic 
spacing 1). Meantime, there is an opposing effect which arises from the increased energy 
associated with the increased curvature of the solid/liquid interface as h decreases. This effect 
can be expressed in terms of a curvature undercooling AT,, which can be calculated by 
Gibbs-Thomson equation as ATr = Kr where K is curvature and F is Gibbs-Thomson 
coefficient. 
The above two terms, ATc and AT, correspond to changes in the local equilibrium 
temperature from TE, while the third term, ATk, is a specifically non-equilibrium term which 
provides the driving force for atornic/molecular attachment onto the sofid at the interface. For 
metallic and other non-faceted eutectic systems, atoms/molecules can be added easily to any 
point of the solid surface, thus this term usually can be ignored in comparison with ATc and 
ATp In eutectic systems which contain faceted components, ATk cannot be ignored and its 
magnitude depends on the operative growth mechanism, e.g., uniform advance, screw 
dislocation or two-dimensional nucleation etc., which has been discussed by Tiller in detail 
c221. 
Depending on nature of eutectic systems, the physics governing the eutectic growth 
can be quite different. Therefore the total undercooling will be the different combinations of 
above terms, which will lead to varied models and scaling laws. 
13 
3.3. Theoretical models of eutectic (eutectoid) growth 
The theoretical modeling on eutectic growth can be traced back to Zener’s work in 
1946, in which the iron-carbon eutectoid reaction was examined [23J Eutectoid reaction is 
similar to eutectic reaction with the onIy difference that the parent phase is also a solid phase. 
Therefore, the theoretical consideration and treatment of eutectoid or eutectic growth are 
more or less the same. 
In Zener’s phenomenal work [23 ] ,  he asserted that mass transfer was by volume 
diffusion of carbon through austenite ahead of the interface and considered the surface 
energy of lamellar structure. He further derived a semi-empirical relationship between the 
growth rate and interface supercooling. Subsequently by assuming that the growth occurs at 
the maximum growth rate, he obtained the significant reIationship that the product of the 
growth velocity and the square of the lamellar spacing should be constant. AH the later 
developments in modeling eutectic growth are based upon Zener’s model. Tiller [24] 
established a formal theory for eutectic alloys solidification and proposed a minimum 
undercooling condition which was essentially same as Zener’s maximum growth rate 
assumption. 
Jackson and Hunt [25] rigorously solved the solute diffusion field in eutectic 
solidification process and established the classical model for regular eutectic growth, In this 
model, only volume diffusion of the solute in the liquid and curvature effect were considered 
to contribute to undercooling, while all the other effects were neglected so that ATj = ATc + 
ATr. Convection was also considered to be negligible so that the growing front was under 
pure diffusive condition. Besides, a few important assumptions were also made in order to 
14 
solve the solute diffusion problem mathematically: ( I )  the growth velocity was sufficiently 
low so that the concentration field is given by the solution of the Laplace equation, Le., P, = 
VU2D << 1; (2) the growth front was planar so that the Laplace equation for the diffusion 
field could be analytically solved; (3) the totaI interface undercooling for each solid phase 
was equal, ie, ATa = ATP = AT. Under these assumptions, Jackson and Hunt calculated the 
solute undercooling ATc from the solution to Laplace equation, the curvature undercooling 
ATr from Gibbs-Thomson equation; and finally obtained the relationship between the 
undercooling, growth rate and eutectic spacing, as 
AT = KlhV + K*/h ( 1 )  
where Ki and K2 are system parameters. 
Equation 1 predicts that at a given growth veIocity, the eutectic spacing depends on 
undercooling and the solutions to this equation are multiple. Then Jackson and Hunt 
qualitatively discussed the stability problem and concluded that of all possible spacings based 
on diffusional consideration for growth, only those spacings will be stable which lie in the 
band A,< h < AM, as ilhstrated schematically in figure 8. Figure 9 schematically showed the 
interface responses to a local decrease in spacing. The spacing smaller than h, will be 
unstabIe since any depression in the interface shape will cause a lamella at depression to get 
narrower, which will ultimately eliminate that lamella and increase the local spacing (figure 
9(a)); on the other hand, for spacing larger than A, a local decrease in spacing will result in a 
local decrease in undercooling and the lamella will be restabilized by the change in interface 
shape (figure 9(b)). However, as the spacing becomes much larger than Am, the steady-state 
interface shape will develop a pocket at the center of the wide phase (figure 9(c)). At some 
15 
larger spacing AM, the slope of the interface becomes infinity so that all eutectic spacings 
above 1~ become unstable. 
Then by assuming that eutectic growth occurs at the minimum undercooling, Jack and 
Hunt obtained: 
1, Am 
Eutectic spaclng ,A  
Figure 8. Relationship between the average interface undercooling and the eutectic spacing at 
a fixed velocity and the regions of stable and unstable spacings as predicted by JH model 
[201* 
3 
2 
1 
Figure 9. Schematic illustrations of (a) the instabiIity of a lamella with h < XI,,; (b) interface 
restabilized to a local decrease in spacing if h > AI,,; and IC) a pocket developed in the center 
of the wider phase, leading to a shape instability [25]. 
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Vh,; = K2/Kl (2) 
and ATm = ~ ( K I K ~ V ) ‘ ”  (3) 
Ever since this classical eutectic growth model being proposed, lots of experimental 
studies have been carried out to verify the relationships and theoretical predictions by many 
eutectic alloys. Among them, the fundamental understanding in rod eutectic structure 
formation and spacing selection is clearIy lagging behind those in lamellar eutectic structure. 
Recently been discovered SCN-camphor system offers a good opportunity to conduct some 
systematic studies in rod eutectic growth due to their transparent characteristics. In this 
research, we will employ this system to study the spacing selection in both steady state and 
dynamic processes and uncover the mechanisms responsible for spacing adjustment. We will 
also investigate the possible shape and arrangement changes of the minor phase rod in a 
confined space. 
Another mass transfer mechanism, boundary diffusion, which is a short-circuit 
diffusion path which occurs in a thin layer ahead of the advancing interface, can also be 
dominant for solute transfer in the parent phase [26]. Cahn 1271 developed this idea to a more 
fundamental theory for eutectoid growth. Based on Cahn’s model, Hillert [28], Shapiro and 
Kirkaldy [29], and Sundquist [30] derived a relationship h3V=constant for eutectoid growth 
independently and they all assumed the local equilibrium condition at the growing front in 
their treatments. 
Carpay and Boomgaard [3 1 ] examined the unidirectionally controlled eutectoid 
transformations of the compound Co3Si, which can transformed into Co2Si and Co, and the 
P-phase in the Ni-In system, which can transformed into NiIn and NizIn3, and found the 
relationship h4V=constant experimentally for both systems. They explained this experimental 
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Table 1.  Summary of the predictions of various eutectoid and eutectic growth theories [33] 
Volume, 
vo, or 
Boundary 
Diffusion, 
B *  
Assumptions, 
Regarding AT’S 
and D 
Re I at i o n s h ip 
Predicted Author 
Growth Criterion 
Selected 
Vh2exp. E/RT = 
constant 
ATh = constant 
VA.~ = constant 
ATh = constant 
vh2 = constant 
ATh = constant 
Grows at maximum 
velocity possible Zener VO 
Jackson 
and Hunt VO ATk = 0 D = constant 
Grows at minimum 
T for rod growth 
Grows at maximum 
velocity possible VO ATk = 0 D = constant Hillert 
Grows at maximum 
velocity possible 
VIn = constant, n>2 
ATh’” = constant, 
m> 1 
ATk AT 
D = constant 
Tiller VO 
Stable state h not 
specified, either 
that which gives 
maximum velocity 
or maximum 
entropy production 
ATk I-r 0 
D = constant 
Bolze et al. VO VOC 
Various parameters 
are plotted as a 
function of 
interface mobility 
v h 3  = constant 
ATh = constant 
D = constant 
Kinetic factors 
determine V 
Grows at a velocity 
~ c A G K A T  Cahn B 
Hillert Grows at maximum velocity possible B 
Vh’exp. ERT = 
constant 
ATh = constant 
vh3exp. E/RT = 
constant 
ATh = constant 
Grows at a velocity 
so that h on verge 
of instability 
Grows at a velocity 
corresponding to a 
spacing of Fhc 
where F >  1 
Grows at a velocity 
cc AT’ 
B Sundquist . Dcc exp-E/RT 
Shapiro and 
Kirkaldy Doc exp.-E/RT 
Carpay and 
van den 
Boomgard 
vh4 = constant 
A T A ~  = constant 
D = constant 
Kinetic factors 
determine V 
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observation by taking into account the kinetic supercooling as well as the boundary diffusion 
and curvature effects. Carpay [32] subsequently proposed a “Iateral growth model” to 
describe the eutectoid growth as nucleation-controlled process in which every new atomic 
Iayer needs to nucleate on the previous Iayer and it presented one of the situations that 
interface kinetics controls the transformation. €3. G. Mellor and G. A. Chadwick [33] 
summarized the scaling laws for eutectoid growth controlled by different physical 
mechanisms, as shown in Table I .  
Polymer crystal growth is controlIed by two-dimensional nucleation, therefore 
polymer eutectic growth is expected to follow a scaling laws in which interface kinetics 
controlled the growth. Before discussing the poIymer eutectic solidification, the crystal 
growth of unary polymer system will be reviewed first. 
3.4 Polymer crystal growth and polymer eutectics 
3.4.1. Ctystalhation in homopolymers 
Compared with the simple atomic and molecular systems, a uniary polymer system 
has its distinctive natures: it consists of polymer chains of different lengths, the chains are 
entangled together in the liquid state and the movement of a polymer chain is through 
reptation process. Therefore a polymer melt usually has a high viscosity and low 
self-diffusivity, which leads to remarkably different crystallization features upon cooling. 
1 .  Tendency of crystallization: Whether a polymer rnoIecule is crystallizable or not depends 
on a lot of factors such as chain flexibility, side group size, stereoregularity (tacticity) and 
chain irregularity, etc. A large number of polymers are amorphous. 
2. Degree of crystallinity: Almost all the crystallizable polymers are semicrystalhe. The 
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crystal always contains both crystalline and amorphous regions. The fraction of amorphous 
region can be as large as 70%. 
3. Crystallizing unit: macromolecules are in random coil conformation in concentrated 
solutions and in melts. High viscosity makes the mobility of whole chain very low. The 
moIecular chain is moving by segment reptation. Thus crystallizing unit is chain segment 
instead of atom or molecule in non-polymeric system. 
4. Crystal growth kinetics: Instead of crystallizing by the atomic jump across the growth 
interface in the small molecular and metalfic alloys, polymer crystallization proceeds with 
the secondary nucleation and conformational change. 
5. Length scale of the crystalline structure: small molecules are incorporated one after 
another into molecular crystals, producing entities of macroscopic size in three dimensions. 
In contrast, in a polymer crystal, one dimension is very small, usually lOnm, while another 
two dimensions are much larger in comparison with the third one. This means, one 
dimension of the polymer crystal does not grow during the crystaltization, although the 
surface has the highest surface free energy in this dimension. 
Spherulites are the most common microstructures observed for homopolymer bulk 
crystallization (Fig. 1 Ota)). A spherulite i s  an aggregate of crystalline plate-like lamellae that 
grow radially from a nudeation center. Each lamella consists of molecular chains that are 
folded according to some crystallographic arrangements and the direction of folding is 
perpendicular to the direction of growth. 
Understanding the kinetics of spherulite growth has always been the focus in the 
study of polymer crystallization mechanism. Different experimental methods have been used 
to investigate the polymer crystallization kinetics. The first one is to study the crystallization 
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of a polymer in the non-isothermal growth process. It is usually conducted in a DSC 
apparatus and analyse the variation of fraction of crystalline phase [34], The nucleation rate 
and growth rate are in continuous change, therefore this technique could not offer the exact 
information related to the growth kinetics. The second method is to study the crystaIlization 
behavior in an undercooled growth process, Le., the polymer melt is held at some 
undercooling. The growth velocity can be assessed from the total crystallinity by following a 
property change (usually density or specific volume) or in another widely used method, by 
optical microscopy, in which the isothermal rate of formation and subsequent growth of 
spherulite can be studied separately [35]. It sub-divides into two types: one is with some 
crystal seeds and the other is devoid of seeds. Without seed crystals, the crystallization starts 
from nucleation and subsequent growth can be monitored. Usually, the growth rate is 
decelerating just after the nuckation and reaches a steady state at some later time. With some 
seeds existing, the growth rate reaches the steady state at a much shorter time and the limited 
number of nuclei can avoid the impingement problem so that the spherulites can grow to a 
larger size, making the growth rate measurement more accurate. This steady state growth rate 
is then correlated with the bath undercooling in order to determine the growth kinetics and to 
disclose the growth mechanism. The growth process can be monitored in an opticaI 
microscope with polarized illumination; however the small-angle x-ray or neutron scattering 
technique has also been used in the experimental study recently to discover much more 
details in the polymer crystal growth process, such as the size of crystalline lamellae and the 
crystallographic information [36-371. 
Different theories have been developed to analyze polymer crystal growth kinetics. 
The first one was based on Avrami theory [38-401, which provides useful data on the overall 
kinetics of crystallization, 
growth. Keith and Padden 
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but little insight into the molecular process of polymer crystal 
[41-421 developed a theory to address the kinetics of spherulitic 
growth in crystallizing polymers. However, it was more phnomenological than mechanistic 
and may explain the experimental results qualitatively rather than quantitatively. A 
subsequent development is the secondary nucleation theory by Hoffman and co-workers 
[43-451, which, for the first time, provides an understanding of how a polymer chain attaches 
to the crystal and makes it possible to compare experiments with the theory quantitatively 
~461. 
By secondary nucleation theory, there are three regimes to account for the polymer 
crystallization process from its melt. 
Regime i (a single nucleation on a single growth layer): the rate of secondary nuclei (a, ) is 
very low and is the rate controlling step for growth process. In this regime, each layer is 
complete before the next one nucleates This holds true at small undercoolings. 
Regime I1 (multiple nucleations on a single growth layer): the secondary nucleation rate N ,  
is relatively high and there are multiple nucleation at the growing crystal plane. Multiple 
nucleation events in the single growth layer reduces the space for a nucleus to grow laterally. 
This regime occurs at higher undercoolings than Regime 1 [44,47]. 
Regime IIi  (multiple nucleations on multiple growth layers}: At even higher undercooling, 
the rate of secondary nucleation becomes much greater, and the nucleation occurs at multiple 
crystal planes to facilitate a faster crystal growth. In this case, a secondary nucleus does not 
spread much beyond the dimensions of the nucleus. 
Different regimes follow slightly different growth laws, which can be expressed as: 
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In the equation, V, i s  pre-exponential term which is materia1 related. U' is the activation 
energy of transport of polymer chains across the melt'crystal interface. Tc is the crystallization 
temperature, T,: is the equilibrium melting temperature and T, is a theoretical temperature at 
which all motion associated with viscous flow stops. f = 2Tc /(T,: +Tc) , which is a 
correction factor for temperature dependence of heat of fusion. Kh' is nucleation constant. 
The concept of regimes has been experimentally verified for a number of polymers 
such as polyethyfene [48], polyoxymethylene(P0M) [49] and PEO [50-5 1 1 .  
3.4.2. Cystaliizatiun in melt-miscible polymeric systems 
For polymer alloys, the addition of second component (Le., solute) B to the solvent A 
will make the crystallization process more complicated. This second component may be 
crystalline or non-crystalline, may be a polymer or a small molecule and may be a polymer 
of different structure or the same homopolymer but with different molecular weight, 
The research dealing with the polymeric systems usually focuses on the morphology 
change. Keith and Padden [41-42, 521, for example, investigated the spherulitic textures of 
polypropylene and polystyrene in each isotactic / atactic blend respectively. Both of the 
systems showed the relatively open and coarse textures compared with corresponding pure 
isotactic component and the extent of openness and coarseness increased with the 
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concentration of the atactic component, as shown in figure 10. It was explained as the 
impurity (solute) segregation and redistribution in interfibrillar regions and at spherulite 
boundaries and a parameter +D/V was proposed to describe the spherulitic morphology, in 
which D is the diffusion coeficient for impurity in the melt and V is the radial growth rate of 
a spherulite. 6 is the distance over which the impurity are excluded from the growth front and 
determines the lateral dimensions of the fibers. This treatment, initialIy developed to account 
for the cellular growth in metallic alloy, has been a convenient way to describe the 
morphology in a number of polymeric mixtures [53-541. 
Figure IO,  Spherulites grown at 125°C in isotactic polypropylene blended with the following 
amounts of atactic polypropylene [29]: (a) 0%, (b) 20%, (c) 40% and (d) 90%. 
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The crystallization kinetics in miscible blends has also been experimentally studied, 
and most of the investigations focus on the mixtures of crystalline/non-crystall ine polymers. 
Generally, the crystallization rate is reduced by mixing with a non-crystalline polymer 
because of the dilution of the crystallizable component at the growth front and the reduction 
in chain mobility due to an increase of glass transition temperature (Tg) of the blends. 
Typical examples are seen in poly(ethy1ene oxide) (PEO) / poly(methy1 
methacrylate )(PMMA) [55], PEO / poly(n-buty I methacrylate) [%I, poly(ether ether ketone) 
(PEEK) / poly(ether imide) (PEI) [57], poIy(viny1idene fluoride) (PVDF) / PMMA[58], and 
poly(caproIactone)(PCL) / poly(viny1 chloride) (PVC) [59] systems except 
poly(3-hydroxybutyrate) (PHB) / poly(viny1e acetate) (PVAc) system[60], in which PVAc 
appeared to be accelerating the crystallization rate of PHB and it was attributed to an 
increased in the nucleation density by blending. 
Due to the interplay between two crystallization processes, the microstructure 
formation and crystallization kinetics of crystalline/crystalline polymeric mixtures are more 
complex than that of crystaIline/amorphous mixtures, thus the crystallization mechanism in 
this type of systems is far from being really understood. Actually, in the literature, the studies 
of crystalline/crystalline polymeric systems are very scarce because a miscible polymeric 
mixture in which two components are crystalline is a rare phenomenon. Up to now, the 
reported miscible pairs include PVDF/PBA 16 11, PHEVPVDF [62-631, PHB/PEO [54,64], 
PEO/PES [65], PEO/PBSU [66], PBSU/P(VDC-VC) [67], Nyion66/Nylon48 [68] systems 
and PEO blends with two quite different molecular weights[69], etc. These mixtures showed 
different crystalline behaviors. For example, in PVDF/PBA system, the higher-Tm PVDF 
component always crystallized prior to the lower-Tm component, namely, they crystallize 
sequentially; While in PVDF/PFIB 
and form separate phase regions, 
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system, two components can crystallize simultaneously 
In different systems, the changes in growth rate due to the addition of the second 
component are not the same. In NylonBB/Nylon48 system, the growth rate increases with the 
content of soIute for each phase. In PHB/PEO system with PEO molecular weight 20000 [69], 
the presence of PEO decreases in the PHB growth rate and the depression increased with the 
content of PEO; While in another PHB/PEO system, where the molecular weight of PEO was 
5000 [54], the growth rate of PHB increased first, then decreased with the addition of PEO. 
However, the reason for such a non-monotonic variation in growth rate remains unclear. 
The effects of the solute (component B) on the crystallization kinetics of solvent 
(component A) may be summarized from the following aspects: ( I )  the concentration of the 
crystallizable component A at the growth front is decreased by an amount proportional to its 
volume fraction so that the kinetics of crystallization is reduced by this dilution effect. (2) 
For crystallization to proceed, the second component B must diffuse away from the growth 
front or the molecules of A must diffuse to the growth interface. This will involve a mutual 
diffusion process, which is different from the Go exp[-U' / R(T - T,)] term in LH equation. 
(3) The transport term associated with the solid-liquid interface may be altered because of the 
change of Tg and thus the temperature range over which crystallization can occur is 
changed. (4) Most importantly, there exists the thermodynamic interaction between the A and 
B molecules, which may change the free energy barrier for the formation of nuclei on the 
crystal surface. Therefore the secondary nucleation theory has to be modified to indude these 
aspects in order to account for the growth kinetics for alloyed polymers. The dilution effect 
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has been considered by directly multiplying the volume fraction of the component A in eq. 
4[70]. G C Alfonso and T. P. Russell E551 suggested a phenonenological equation describing 
the growth rate by considering cooperative diffusion in polymer mixtures. In their equation, 
they also adopted the treatment of FIory [71] and later Mandelkern E721 for free energy of 
critical nucleus formation in polyrner/diluent system. Hiromu Saito et. A1 [68] proposed a 
two-step diffusion mechanism to explain the crystallization kinetics in polymer blends. T. T. 
Wang and T. Nishi [73] modified the LH equation by taking account of the equilibrium 
melting point depression and glass transition temperature change upon blending. Boon and , 
Azcue [74] included the effect of mixing entropy on the nucleation energy barrier for 
forming a two-dimensional critical nucleus, which was similar to the treatment by 
Mandelkern[72] for a cylindrical nucleus. The growth rate is given by: 
This equation has been widely adopted by other researchers to analyze the growth kinetics. 
3.4.3. Polymer eutectic growth ’ 
In the crystallization of some polymer blends, the morphologies, in which two 
components alternately separate into distinct domains, either plate or rod, can be observed, 
although they are rare. This growth behavior is same as what we cafl “eutectic growth” in 
metal and small molecular systems. 
Specific to the studies of polymeric eutectic crystal growth, the little studies are very 
insufficient. P. Smith and A. J. Pennings [75] examined a eutectic system composed of 
isotactic polypropylene and pentaerythrityl tetrabromide (organic small molecule diluent) by 
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puIling the atloy, which was sealed in a 4mm ID glass tube, through a 200°C oven then 
quenching in liquid nitrogen and subsequently fracturing to examine the transverse section. 
They claimed that the polymer and diluent crystallized simuItaneously with a nonplanar 
growth front with the diluent as leading phase when the growth rate was higher than 3mrn/hr, 
The formed eutectic microstructure was diluent rods in a polymer matrix with a quite 
irregular dispersion by SEM. After removal of the solid diluent phase from the polymer 
matrix by sublimation, the pores gave the lateral dimensions of rods, hl. As shown in figure 
11,  those pores exhibited a rather broad size distribution and h~ was found to depend on the 
growth rate R roughly according to the relation ~ I * R = = ~ O * ~  rnrn3/sec, which is in agreement 
with JH model. Therefore, Smith and Pennings concluded that the eutectic growth of this 
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Figure 1 1. Measured relationship between the growth rate R and the size hl of the pores from 
the diluent rods in the eutectic structure [75 3. 
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system exhibit a metal-like habit at solidification speeds higher than 3mm/hr although both 
phases are faceted. However, from our point of view, the leading of diluent phase implied 
that the growth is actually not coupled eutectic growth; therefore the spacing (not the pore 
size hl but &A, according to the volume fraction of the two phase) measured is actually 
the primary spacing of the diluent phase and has nothing to do with the eutectic spacing and 
it cannot be compared with the eutectic growth theory. Moreover, the authors did not provide 
the in-situ growth morphology and the interface temperature was not measured, thus it is not 
possible to guarantee that coupled eutectic growth occurred in the soIidification process. 
The other polymeric eutectics crystal growth study was performed on a binary blend 
of high (270000) and low molecular (5000) weight PEO by Schultz e t d .  [69]. Undercooled 
growth was adopted in this research followed by the Atomic Force Microscope (AFM) 
characterization after preferentially etching out the low molecular weight fraction to get the 
eutectic spacing h. The researchers realized the importance of interface kinetic attachment on 
polymer crystal growth, therefore they adapted JH regular eutectic growth model as the basis 
and modified it to provide the coupling of kinetic, diffusion and curvature effects at the 
- int 
interface. The operation equation in their work was expressed as Y = V0(A,m,T)(1 -C, ) 
- int - int Pt? or - = (I - C, ) by the definition Pe = AV / D,,, . (1 - C, ) accounted for the dilution 
Pe0 
effect in front of the growing solid. Vo(A,m,T) was of LH format 
' ), which was obtained by corrected the U* 
R(T - T, 1 T(T - T,, 
as V, (A, m, T )  = KO exp(- ) expl- 
experimental measured pure polymer growth rate Vo(T) for curvature and solute 
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undercooling. Thus V was simply the kinetic growth velocity altered by the solute 
concentration at the interface which in turn was decided by solute diffusion, the kinetic 
- in1 
growth velocity and the spacing h. Then C, was determined by the same procedure as in 
JH treatment. In this formulation, the researchers considered the aIloy melting temperature 
change compared with pure polymer, but they didn't mention other possible effects to 
polymer growth caused by blending (KO, K,, U* etc. in LH equation). More importantly, an 
assumption of low Peclet number (Pe < I )  was made in their formulation. However, the actual 
Peclet number calculated from their experimental results (blend with 8Owt% low molecular 
weight fraction, 52'C, h=l pm, and 0.3 1 pm/s, as showed in figure I2 marked with dashed red 
Iine, which was cIaimed to be in good agreement with model calculation by the researchers) 
was 3.95>>1. Thus their model should be revised to include this high-Pe effect. 
Figure 12. Computed and measured (a) eutectic spacing and (b) growth velocity verse 
crystallization temperature for 80/20 lowlhigh moIecular weight PEO blends [69]. 
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3.4.4. The existing problems in polymer crystallization researches 
As mentioned earlier, the undercooled growth technique has been widely used to 
examine the polymer growth kinetics in experimental studies, in which the nucleation and 
subsequent growth of a spherulite may be studied separately. In this technique, the growth 
velocity is calculated by measuring the crystal size as a function of time and the steady state 
growth rate is then correlated with the bath undercooling to determine the growth kinetics 
and to disclose the growth mechanism. 
However, the relevant temperature and undercooling in Eq. 4 should be the values 
right at the growth interface, rather than the bath temperature and bath undercooling [76J At 
small undercoolings, the difference between the interface temperature and the bath 
temperature may be negligible; nonetheless at relatively high undercoolings, the interface 
temperature can be higher than the bath temperature, which may pose a serious problem if 
the bath temperature is used to evaluate the growth kinetics. However, in directiona1 
solidification process, the growth velocity is an input parameter while the interface 
temperature can be measured by an embedded thermocouple so that both growth velocity and 
interface temperature can be obtained precisely and thus directional growth shouId be the 
appropriate technique to accurately determine the growth kinetics. Actually, this technique 
has been widely employed in metallic and small molecular systems and it has enhanced our 
understanding of growth mechanism and to the development of important concepts in 
solidification area although it has never been used to evaluate the relationship between 
interface temperature and growth rate in polymers and polymeric systems. 
Another obvious drawback in polymeric alloys crystailization kinetics study is the 
lack of phase diagram. Due to the sluggish crystallization kinetics of a polymeric alloy, it is 
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rather time-consuming to accurately determine the equilibrium phase diagram experimentally. 
However, a phase diagram is always essential since it is the graphic representation of the 
thermodynamics of a system and lots of information can be obtained from phase diagram 
which will be very helpful to understand the solidified microstructure and evaluate the 
crystallization kinetics. For example, the melting temperature of an alloy is different from 
that of a pure solvent, and the former should be used to calculate the driving force for the 
crystallization of the alloy; however in literatures, the melting temperature of a pure solvent 
is frequently used to analyze the crystallization kinetics of a polymer blend. 
Based on these facts, in this research, we shall determine the phase diagram of 
polyethylene glycol/ p-dibromobenzene system first to get the accurate eutectic point and 
liquidus line. Then the directionai solidification technique will be employed to evaluate the 
interface kinetic effects and the composition dependences for both phases in this eutectic 
system. Directional growth experiments will also be carried out on aHoy of eutectic 
composition to measure interface temperatures and spacings with velocities and thus to 
acquire the eutectic growth scale laws for this system. Finally, an analytical model can be 
developed for polymeric eutectic growth based on the appropriate mass transfer mechanism 
in the liquid and proper consideration of the interface kinetic attachment of polymer chains to 
the growing interface, which will provide understanding to poIymeric eutectic growth 
mechanism. 
References 
[ 1 J T. Kobayashi and T, Kuroda, Morphology of Crystals, Part B. ed. I, Terra Scientific 
Publishing, Tokyo, 1987, p.645. 
32 
[2] Laszlo Granasy, Tamas Pusztai, James A. Warren, Jack F. Douglas, Tamas Borzsonyi and 
Vincent Ferreiro, Nature Materials, vol. 2, 92-96, 2003. 
[3] R. Trivedi and V. Laorachan, Acta Metallurgica, vol. 36, no.8, 1941 -1950, 1988. 
[41 Shan Liu, Je-Hyun Lee, D. Enlow and R. Trivedi, in Solidification Processes and 
Microstructures, TMS, 257-262,2004. 
[SI Seung Hoon Han, PhD thesis, Iowa State University, 1995. 
[6]  CIaudio De Rosa, CheoImin Park, Edwin L. Thomas and Bernard Lotz, Nature, vol. 405, 
433-437,2000. 
[7]  K. Somboonsuk, J.T. Mason and R. Trivedi, Metallurgical and Materials Transactions, 
vol.lSA, 967-975, 1984. 
[8] W. W. Mullins and R. F. Sekerka, Journal of Applied Physics, vol. 35, no. 2, 444-451, 
1964. 
[9] J. S. Langer, Reviews of Modern Physics, vol. 52, no. 1, 1-28? 1980. 
[IO] R. Trivedi, Yunxue Shen and Shan Liu, in: Proc. Int. Conf. Advanced Materials and 
Materials Processing, ed. by N. Chakraborty and U. Chatterjee, Tata Magraw-Hill, 42-49, 
2001. 
[ I l l  R. Trivedi, Shan Liu, B. Echebarria and A. Karma, Solidification Process and 
Microstructure, TMS, 307-3 18,2004. 
[12] R. Trivedi, Shan Liu and S. Williams, Nature Materials, vol. 1, 157-159,2002. 
E131 M. A. Eshelman, V. Seetharaman and R. Trivedi, Acta Metallurgica, vol. 36, 1165-1 174, 
1988, 
[ 141 M. A. Eshelman, PhD thesis, Iowa State University, 1987. 
[ 151 W. Kurz and. D. J. Fisher, Acta Metallurgica, vol. 29, I 1-20, 1981. 
33 
[ 161 R. Trivedi, Metallurgical Transactions, vol. 15A, 1984, pp. 977-982. 
[ 171 S. N. Tewari and V, Laxmanan, Metallurgical and Materials Transactions, vol. 18A, 
167- 169, 1987. 
E181 R. Trivedi, Yunxue Shen and Shan Liu, Metallurgical and Materials Transactions, voI. 
34A, 395-401,2003. 
[19] W. Kurz and D. J. Fisher, Fundamentals of Solidification, Trans Tech Publications, Third 
edition, p.95. 
[20] R. Trivedi and W. Kurz, in Solidification Processing of Eutectic Alloys, edited by D. M. 
Stefanescu, G. J. Abbaschian and R. J .  Bayuzick, The Metallurgical Society, 1988. 
[21] J. D. Hunt and K. A. Jackson, Transactions of the Metallurgical Society of AIME, vol. 
236, 843-852, 1966. 
[223 W, A. Tiller, ASM seminar, Recent Research on Cast Irons, p. 129-1 7 1 , 1964, New York 
[23] C. Zener, AIME Trans, vo1.167,550-595, 1946. 
[24] W. A. TiIler, Liquid Metals and Solidification, p.276-3 18, ASM, Cleveland, 1958. 
[25] K. A..Jackson and J. D. Hunt, Transactions of the Metallurgical Society of AIME, vol. 
236, 1129-1 142, 1966. 
E261 D. Turnbull, Acta Metallurgica, vol. 3,55-63, 1955. 
[27] J.W. Cahn, Acta MetaIlurgica, vol. 7, 18-28, 1959. 
[28] M. Hillert, Inst. Met. Proc. Internat. Symp. on The Mechanism of Phase Transformations 
in Crystalline Solids, p.23 1, Manchester, 1969. 
E291 J. J .  Shapiro and J. S. Kirkaldy, Acta Metallurgica, vol.16, 579-585, 1968. 
[30] B. E. Sundquist, Acta Metallurgica, vol. 16, 141 3-1 427, 1968. 
[31] F. M. A. Carpay and J, Van Den Boomgaard, Acta Metallurgica, vol. 19, 1279-1286, 
34 
1971. 
[32] F. M. A. Carpay, Acta Metallurgica, vol, 20, 929-934, 1972. 
[33] B. G. Mellor and G A. Chadwick, Metal Science, voi.8, 65-72, 1974. 
[34] Xianhua Kong, Xiaoniu Yang, Enle Zhou, and Dezhu Ma, Polymer Engineering and 
Science, vo1.41, no.5, 786-792,2001, 
[35] Leo Mandelkem, Crystallization of Polymers, second edition, Volume 2, Chapter 9, 
Cambridge University Press, New York, 2004. 
[36] T. P. Russell, H. Ito and G D. Wignail, Macromolecules, vol. 2 1, 1703-1 709, 1988. 
[37] H. D. Keith, F. J. Padden, Jr., and T. F. Russell, Macromolecules, vol. 22, 666-675, 1989 
[38] M. J .  Avrami, Journal of Chemical Physics, vol. 7, 1103-1112, 1939. 
[39] P, Meares, Polymers: Structure and Bulk Properties, Chapter 5, Van Nostrand, New York, 
1965. 
1401 J .  N. Hay, British Polymer Journal, vol. 3,7482, 1971. 
[41] H. D. Keith and F. J. Padden Jr., Journal ofApplied Physics, vol. 35, 1270-1285, 1964. 
[42] H. D. Keith and F. J. Padden Jr., Journal ofApplied Physics, vol. 35, 1286-1996, 1964. 
[43] J. D. Hoffman, G T. Davis, and J. I ,  Eautitzen Jr., in Treatise on Solid State Chemistry, 
vol. 3, Chapter 7, Crystalline and Noncrystalline Solids, N. B. Hannay ed., Plenum, New 
York, 1976. 
E441 J. I). Hoffman, Polymer, vol. 23, 656-670, 1982. 
[45] J .  D. Hoffman, C. M. Guttman, and E. A. Dimarzio, Faraday Discussions of the Royal 
Society of Chemistry, vol. 68, 177-1 97, 1979. 
[46] L. H. Sperling, Introduction to Physical Polymer Science, third edition, Chapter 6,  A 
John Wiley & Sons, Inc. Publication, New Yprk, 200 1. 
35 
[47] Hoffman, John D.; Frolen, Lois J.; Ross, Gaylon S.; Lauritzen, John I . ,  Jr., Journal of 
Research of the National Bureau of Standards, Section A: Physics and Chemistry 79A(6), 
671-99, 1975. 
[48] J. D. Hoffman, Polymer, vol. 24,3-26, 1983. 
E491 S. 2. D. Cheng, B. Wunderlich, Journal of Polymer Science, Part B: PoIymer Physics, 
V O ~ .  24, 577-594, 1986. 
[SO] R. C. AlIen, and L. Mandelkern, Polymer Bulletin, vol. 17,473-480, 1987. 
[5 I ]  S. 2. D. Cheng, Jianhua, Chen, James J. Janimak, Polymer, vol. 31, 101 8-1024, 1990, 
1521 H. D. Keith and F. J. Padden, Jr., Journal of Applied Physics, vol. 34,2409-242 1 ,  1964. 
[53] Sossio Commino, Ezio Martuscelli and Clara Silvester, Journal of Polymer Science: Part 
B: Polymer Physics, ~01.27, 178 1-1794, 1989. 
[54] Jiang-Wen You, Hsiu-Jung Chiu and Trong-Ming Don, Polymer, vol. 44, 4355-4362, 
2003. 
E551 G C. Alfonso and T. P. Russell, Macromolecules, vol. 19, 1143-1 152,1986. 
[56] E El Shafee, Polymer International, 53,249-253, 2004, 
E571 Hsin-Lung Chen and Roger S. Porter, Journal of Polymer Research, vol. 6, no.1, 21-26, 
1999. 
[5 81 Hiromu Saito, Tetsuo Okada, Toshihiko Hamane and Takasshi houe, Macromolecules, 
V O ~ .  24,4446-4449, 199 1.  
[59] C. J.  Ong and F. P. Price, Journal of Polymer Science, Polymer Symposia, 63, 59-75, 
1978. 
[60] J. N. Hay and L. Sharma, Polymer, vol. 41, 5749-5757,2000. 
[61] J. P. Penning, R, St. John. Manley, Macromolecules, vol. 29, 84-90, 1996. 
36 
[62] Jieping Liu, Zhaobin Qiu and Bernd-J. Jungnickel, Journal of Polymer Science, Part B: 
Polymer Physics, vol. 43,287-295,2005, 
[63] H.J.  Chiu, H.-L. Chen and J. S, Lin, Polymer, vol. 42,5749-5754,2001. 
[64] Maurizio Avella and Ezio Martascelli, Polymer, vol. 29, 173 1-1 737, 1988. 
[65] Zhaobin Qiu, Takayuki lkehara and Toshio Nishi, Macromolecules, vol. 35, 825 1-8254, 
2002. 
[66] Zhaobin Qiu, Takayuki Ikehara and Toshio Nishi, Polymer, vol. 44,2799-2806,2003. 
[67] Jeong-Chang Lee, Hare Tazawa, Takayuki Ikehara and Toshio Nishi, Polymer Journal, 
vol. 30, no. IO,  780-789, 1998. 
[68] G. 2 Zhang, H. Yoshida and T. Kawai, Therrnochimica Acta, vol. 416, 79-85,2004. 
[69] Sudhakar Balijepalfi, PhD thesis, University of Delaware, 1996. 
[70] Jerold M. Schultz, Polymer crystallization, Chapter 8, Oxford university press, 
Washington, D. C. 200 1.  
E711 Paul 3. Flory, Journal of Chemical Physics, vol. 17, 223-240, 1949. 
[72] L. Mandelkern, Journal of Applied Physics, vol. 26,443-45 1, 1955. 
[73] T. T. Wang and T, Nishi, Macromolecules, vol. 10,421-425, 1977. 
[74j .I. Boon and J. M. Azcue, Journal of Polymer Science, Part A-2, vol, 6, 885-894, 1968. 
[75] P. Smith and A. J. Penning, Journal of Polymer Science: Polymer Physics Edition, vol. 
15,523-540, 1977. 
[76] John W, Cahn, W. B .  Hillig and G W. Sear, Acta Metallurgica, vol. 12, 142 1 - I  439, 1964. 
37 
CHAPTER 2. RE-DETERMINATION OF SUCCINONTRILE (SCN)-CAMPHOR 
PHASE DIAGRAM 
A paper published in Journal of Crystal Growth' 
Jing Teng2 and Shan Liu3,* 
Abstract 
Low-melting temperature transparent organic materiaIs have been extensively used to 
study the pattern formation and microstructure evolution. It proves to be very chaIlenging to 
accurately determine the phase diagram since there is no viable way to measure the 
composition microscopically. In this paper, we presented the detailed experimenta1 
characterization of the phase diagram of SCN-camphor binary system. Differential scanning 
calorimetry (DSC), a ring-heater, and the directional solidification technique have been 
combined to determine the details of the phase diagram by using the purified materials. The 
advantages and disadvantages have been discussed for the different experimental techniques. 
SCN and camphor constitute a simple binary eutectic system with the eutectic composition at 
23.6wt% camphor and eutectic temperature at 37.65'C. The solidus and the solubility of the 
'Reprinted from Journal of Crystal Growth, 2006,290,248-257, with permission from 
Elsevier. 
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SCN base solid solution have been precisely determined for the first time in this binary 
system. 
Key words: A l .  Phase diagrams, AI. Eutectics, Al .  Directional solidification, A3. 
Succinonitrile-camphor binary system 
1. Introduction 
Since Jackson and Hunt reported the construction of a temperature gradient stage and 
the use of plastically crystalline organics [ 1, 23, these materials have been widely used in the 
study of sofidification microstructures. In order to understand the microstructure 
length-scales, properties of the experimental materials should be accurately determined, 
which include thermodynamic properties (phase diagram, enthalpy, entropy, interface energy 
and its anisotropy, growth kinetics and its anisotropy) and transport properties (mass and 
thermal diffusivities, viscosity, etc) [3 1. 
A phase diagram is always essential since it is the graphical representation of the 
thermodynamics of an alloy system. Thermal analysis is usually used in determining the 
details of a phase diagram. In a metallic alloy, composition in a solid phase can be measured 
and much information can thus be obtained about the phase boundaries. This together with 
thermal analysis makes the determination of a phase diagram in a metallic system relativeIy 
easier. Moreover the melting temperature of a metallic material is generally well above the 
room temperature, and the freezing range of a binary metallic alIoy is usually a few tens of 
degrees, therefore the accuracy of determining the phase transformation temperatures is not 
very critical. However, in the low-melting temperature organic alloys, it proves to be a 
challenge to accurately determine the phase diagrams. The difficulties come from a few 
39 
aspects: the purities of the available organic inaterials are usually lower than those in pure 
metallic elements; the interactions between the solute and the solvent molecules are more 
complex than those between the metal atoms; the relevant temperatures are low; the 
temperature ranges are usuall'y small and there is no viable way to measure the composition 
on a microscopic scale. Therefore though Jackson and Hunt reported the use of these plastic 
crystah in 1 9 6 0 ~ ~  there are only a few binary systems with phase diagrams determined with 
enough confidence, such as succinonitrile (SCN) rich SCN-acetone alloy 141 and SCN-sa101 
[ 5 ] ,  SCN-water [63, SCN-NPG and -AMPD [7] and CBr4-CzC16 [8]. 
SCN and camphor are both non-faceted, Iow-meIting temperature plastic crystals [9, 
101. There are four versions of phase diagram of the SCN-camphor binary system E1 1-14]: all 
of them recognize that SCN-camphor is a eutectic system, but they differ in details of the 
phase diagram: liquidus lines, solidus lines, eutectic temperature and composition. In this 
paper, we re-determined this binary phase diagram experimentally by different techniques: 
diflerential scanning calorimetry (DSC), the ring-heater, steady-state dendritic and planar 
front growth of alloys with known compositions. We start with the preparation of 
experiments (section 2), present the experimental results in section 3, discuss the results and 
compare with the previous studies in section 4. A summary is presented in section 5.  
2. Experimental 
2.1. Purification of experimental materials 
SCN was purified by distillation under vacuum followed by multiple passes of zone 
refining and the purity was characterized by the freezing range of the purified material as 3 
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mK [15], which corresponded to a purity of 99.9998% I .  Camphor was purified by 
sublimation (twice) under vacuum from the 98% commercial product. I t  is not specified what 
impurities are present in the commercial camphor. With Nuclear-magnetic Resonance (NMR), 
a peak for water was clearIy identified together with other peaks characteristic of the specific 
groups in camphor molecules; but for the sublimed camphor, the peak for water disappeared. 
Gas Chromatography showed a similar result. Therefore water is believed to be the main 
impurity in commercial camphor. 
We further examined the melting point of the raw and purified camphor by DSC and 
found that the melting temperature of the sublimed camphor was increased from 175.5OC to 
178.7'C, indicating that a higher purity of the sublimed camphor was achieved. 
2.2. Preparation of alloys and DSC samples 
The alloy and sample preparation was conducted in a glovebox under the protection 
of high-purity Nz. SCN was first weighed and placed in a ground-mouth glass bottle with a 
magnetic stirrer inside and was melted on a hot-plate inside the glovebox, then camphor of 
the required amount was subsequently added to the melt, the bottIe was capped and the 
magnetic stirrer was turned on to enhance the camphor dissolution. After camphor was 
completely dissolved in SCN, five more minutes was allowed for the magnetic stirrer to mix 
the melt in order to ensure the compositional homogeneity. Within the composition range of 
(0, 50.1wt%) camphor, this extra processing time did not cause any observable camphor 
sublimation in the glass bottle. However further increase in camphor presented a challenge in 
sample preparation since the liquidus temperature increases sharply with camphor content. 
' This purity level is estimated in the same way as Huang and Glicksman did [Acta Metall., 29 (1981) 7011 
since same purification processes were used. 
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This requires that the processing temperature for alloy mixing be correspondingly increased 
and it becomes difficult to accurately control the alloy composition due to the sublimation of 
camphor. 
After the homogenization, -10 mg liquid alloy was transferred into a DSC pan for 
volatile materials and the pan was sealed in the glovebox. Moreover, a thin film of gold was 
sputtered to the aluminum pan in order to avoid the contamination of SCN base alloy by 
aluminum [ 163. 
2.3. A ring-heater setup 
Figure 1 shows a schematic of the ring-heather used in the present study. I t  was 
actually a brass block with a torturous duct inside for silicon oil to flow through. The 
temperature of silicon oil was controlled by an oil bath to be within &0.05°C. There was a 
rectangular channel (0.8x8.2mm) in the mid-height of the brass block for the sample tubing 
to slide through. A + 1 .O mm hole was drilled in the center of the bottom portion. Since the 
axial position of this $l.Omm hole was the coolest point in the whole block, the last piece of 
solid was usually observed there when the sample was heated up step by step. A 475pm 
calibrated I(-type thermocouple was used to measure the sample temperature in the block. 
The overall uncertainty in the thermocouple and temperature recording system is k0.OS0C. 
The sample used in the ring-heater setup was contained in a 0.4x8.0 rnm rectangular 
glass tubing. A few near-eutectic alloys (SCN-15.0, 20.0, 25.0wt% camphor) were used to 
determine the eutectic temperature. When the temperature was below the eutectic 
temperature, the sample was opaque due to the scattering of light by the fine two-phase 
eutectic structure. When the eutectic started to melt upon heating, there were many bright 
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spots in the viewfield and this temperature was taken as the eutectic temperature. 
For the liquidus temperature, we first referred to the DSC result and quickly increased 
the temperature to a value 1 .O°C lower than that by DSC. Then we increased the temperature 
at 0.1 "C increment and stayed 5-6 hours at each step to ensure the solute homogenization. 
The liquidus temperature was taken as the one that the solid totally disappeared. In a 
subsequent run, we raised the temperature directly to the value 0.2"C lower than the 
previously evaluated melting temperature. Then the temperature was increased by 0. l0C per 
step and homogenization time was extended to a day or so in order to determine the 
temperature the solid completely disappeared. The reproducibility was within kO.1 "C for a 
few runs of the same alloy composition. 
Figure 1. Schematic of the ring-heater used to determine the eutectic and liquidus 
temperature of an alloy. The hole in the upper half is to house a 20x objective lens, the one in 
the lower half ($1  .O mm) is to create a sIightly cooler position in the sample so that the last 
piece of solid will stay. The hole in the front part ($0.5 mm) is for insertion of a calibrated 
thermocouple, The horizontal rectangular channel in the mid-height is for the sample tubing 
to fit in. The arrows show the flow direction of silicone oil driven by a precision oil bath. 
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3. Experimental Results 
3. I .  Calibration of DSC 
Since the standard calibration of a DSC apparatus is done with pure In and Zn at a 
heating rate of 40 Wmin, it is far from the present experimental conditions both in the 
relevant temperature range and the heating rates, therefore a careful calibration was first 
conducted with pure SCN and pure Ga. As mentioned before, the purity of SCN was 
99,9998%, therefore its equilibrium melting temperature was taken as 58.08"C. Ga used was 
99.9999% pure and its equilibrium melting temperature was taken as 29.72"C. 
The calibration employed here was different than the routine embedded in DSC 
software. We first ran these two standards at heating/cooIing rates in the range for our 
experiments: 10.0, 8.0, 6.0, 4.0, 2.0, 1.0 and O.S"C/min. The temperature where the peak 
ended in a heating curve was taken as the characteristic phase 'transformation temperature 
[14]. For the peak of a pure substance melting, this temperature indicated the complete 
transition to liquid state. 
The derived temperature depended on the heating rate. Since the same sample was 
used for different heating rates, the dependence of this temperature on heating rates was 
basically due to the thermal lag which is intrinsic to a DSC apparatus. The temperature 
recorded in DSC is actually the value by a control thennocouple, which is below the sample 
pan holder and thus away from the sample, Le., the thermocouple does not show the actual 
temperature in the sample. However the heat flow recorded by DSC is for the heat absorbed 
by the sample in the pan, therefore the calibration procedure is crucial for DSC. 
This thermal lag depends on the heating rate and the materials contained in the pan. A 
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faster heating rate enhances the thermal lag and pushes the peak to a higher temperature, 
therefore the derived melting temperature from a DSC thermograph increases with the 
heating rates, as shown in Figure 2 for pure SCN. On the other hand, the thermal 
conductivities of SCN are much lower than those for a metallic material. For example, the 
thermal conductivity values of liquid and solid SCN are 0.223 and 0.225 W/(m K); those 
values of liquid and solid aluminum are 95.0 and 210.0 W/(m K) respectively [17]. This 
indicates that the thermal lag is more pronounced for SCN base materials if the sample mass 
is the same. 
From Fig. 2, a linear regression of the experimental data was applied so that 
extrapolation to the zero heating rate was taken as the melting temperatures of pure SCN. 
60.0 ~ 
59.5 * 
0 
kl 59.0 - 
=I 
a 
P. 58.5 - 
F 
e 
E Y 
E 
58.0 - 
57.5 
0 
I 1 I 
Experimetal data 
- T=57.71+0,2499R 
4.0 6.0 
Heating rate, R ,  "Clmin 
8.0 10.0 
Figure 2. Dependence of the melting temperature of pure SCN on heating rates. The 
extrapolated value at O°C/min is used to calibrate the DSC temperature readings within the 
relevant temperature range. 
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In comparison with the reported melting temperature of pure SCN, it was clear that there was 
a -0.37"C deviation (negative). Similar treatment to the case of Ga showed that there was a 
0.79"C deviation (positive). Then a linearized error term within the temperature range C29.72, 
58.081 "C was used to calibrate the DSC data for the samples subsequently studied. 
3.2. Liquidus and eutectic temperature by DSC 
Within the composition range of [0, 50.11 wt% camphor, 10 compositions (SCN-0, 
0.35, 0.9, 5.1, 10.1, 15.0, 20.0, 25.0, 35.6, and 50.1wt% camphor) were chosen for the 
determination of both eutectic and liquidus temperature. Figure 3 showed the heating curves 
for a few compositions with the same heating rate 4,OWmin. The ordinates for different 
compositions were intentionally shifted by some amount to avoid overlap. Only the heating 
curve was used for the evaluation of reIevant temperatures since the nucleation undercooling 
for SCN base alloys can be quite a few degrees, 
There was only one peak in the heating curves for very dilute cornpositions (50.9wt 
%, Fig.3), indicating that only one phase transformation process existed, which was the 
melting of primary phase. From 5.1wt% to 20.0wt% camphor alloys, two peaks were visible 
(Fig, 3): the one at a lower temperature was attributed to the eutectic melting and the other 
one at a higher temperature wits for the primary phase melting. With increase in alloy 
composition (i20.0wt% camphor), the peak of the primary phase melting was obviously 
shifted to a lower temperature. The position of the peak of eutectic melting only slightly 
changed on each curve, which was caused mainly by the overlap of eutectic and primary 
phase peak. This overlapping effect became more serious with the increase in alloy 
composition. For the SCN-ZO.Owt% camphor alloy, the primary phase peak was basically 
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contained within the eutectic peak and was not observable at this heating rate. For the 
SCN-25.0wt% camphor alloy, a small peak was just visible at 48.25”C, which was believed 
to be the primary phase melting peak in the hyper-eutectic region. This peak became more 
evident with a higher heating rate. Therefore the eutectic composition should lie between 
20.0 and 25,0wt% camphor from these DSC scans. 
40.0 . 
10.0 
0 3  
5.’Iwt%camphor ------ .-# ,/L -0’ \ .’. .. .. : ........ .......... . ........ ...................... lO.lwt%camphor 
25.0wt%camphor 
//:$( ..*’ j ! i .... +-** j I ........................ *-*-.... ........ 35.6wt%carnphor 
30.0 40.0 50.0 60.0 70.0 80.0 
Tern pe rat ure’ (OC) 
Figure 3, DSC thermographs of SCN- camphor alloys (heating rate: 4.OoC/min). 
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With further increase in alloy composition (SCN-35.6, 50.1wt% camphor), two peaks 
clearly appeared in the heating curves. The peak for the primary phase was broad and was not 
as sharp as the melting peak of the primary phase in the hypoeutectic range. This arose from 
two factors: ( I )  the freezing range increases much faster with composition away from the 
eutectic in the hyper-eutectic alloys than in the hypo-eutectic alloys, which can be seen from 
those previous reported phase diagrams [ 1 1-1 41; (2) since the eutectic point is located 
between L20.0, 25.0]wt% camphor, the solid fraction of a hyper-eutectic alloy is much less 
than that of a hypoeutectic alloy at the same temperature (above eutectic temperature TE) if 
their compositions are equally distant from the eutectic point. 
For the same composition at different heating rates, the peak shape looked similar, but 
the position was slightly different. As the heating rate increased, the peak shifted to a higher 
temperature due to the thermal lag in a DSC measurement. 
From the peak for the primary phase melting, the liquidus temperature was again 
taken as the one at which the curve became leveled, which corresponded to the transition of 
heat flow from being controlled by the primary phase melting to that by heat capacity of only 
liquid phase. Then the same procedure as in Fig. 2 was used to obtain the liquidus 
temperature of a given composition by extrapolating to O°C/min heating rate (Fig. 4(a)). 
The same method was applied to the eutectic peak (Fig. 4(b)). The extrapolated value 
at O°C/min was used to construct the phase diagram and the extrapolated eutectic temperature 
at O°C/min varied slightly within (37.51, 38.27) "C with an arithmetic mean of 37.8'C. For 
those near-eutectic alloys, the eutectic and primary phase melting peak seriously overlapped 
(Fig. 3) and the above discussion could only be applied if the overlapping peaks was 
mathematically separable. For those overlapping peaks, we used the Peakfit to perform the 
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Figure 4. (a) Liquidus temperature (TL) from different heating rates; and (b) Eutectic 
temperature (TE) from different heating rates. 
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peak deconvoiutions. Since there were many ways to deconvolute the overlapping peaks, we 
chose the one that gave the best fitting coefficient, which was usually higher than 0.99. 
This mathematical operation applied to the case where there still were two distinct 
peaks in the heating curve, for example, the peaks for SCN-IO.Owt% camphor and 
SCN-lS.Owt% camphor in Fig. 3; but not to the case where there was only one peak in the 
thermograph, Le., the peaks for SCN-20.0 wt% camphor alloys (Fig. 3). DSC is not 
applicable to this case and the ring-heater is the only way to get the liquidus and eutectic 
temperatures correctly. 
3.3. Liquidus and eutectic temperature by the ring-heater 
Liquidus and eutectic temperatures were also measured in a few near-eutectic alloys 
by the direct measurement of phase transformation temperatures with a ring-heater (Table 1). 
For convenience of comparison, the DSC measurement was also included. When the 
composition was lower than 5.1wt% camphor, the amount of eutectic constituent was little 
. and it was difficult to observe the light intensity change due to the eutectic melting, therefore 
no measurement was attempted. The arithmetic mean of the eutectic temperature by the 
ring-heater is 37.65"C. 
3.4. Solidus temperature in the SCN base primary phase 
The solidus temperature of the primary a phase was directly measured by a calibrated 
thermocouple embedded in a 0 .2~4 .0~300  mm sample. The basic requirement for such a 
measurement is that the solid/liquid interface should move in a steady state planar front. at a 
velocityy Vy before the thermocouple tip touches the interface. 
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Since the maximum temperature gradient, C; is limited in our experimental setup to 
be at -5.0 K/rnm, only in the dilute alloys is it possible to obtain the steady state planar front 
growth. We tried three alloy compositions, SCN-0.35, -0.9 and -2.Owt% camphor and 
successfully measured the interface temperature for a steady state planar front, which should 
be the solidus temperature for each composition. Table 2 listed the experimental results and 
the derived equilibrium distribution coefficients at the solidus temperatures. For convenience 
of subsequent discussions, the liquidus slope at the solidus temperature, mL(T,), was also 
included in this table. 
20.0 
25.0 
Table 1. Liquidus and eutectic temperature from DSC and ring-heater measurement 
40.24 37.70 
42.78 3 7.70 
35.6 
50.1 
55.90 37.63 5 7.72 38.27 
68.12 69.47 37.7 1 
100.0 
I 1 I I 
*: the temperature is believed be to the soIvus temperature for SCN base soIid solution 
178.70 
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Table 2. Solidus temperature measured by planar front growth of 3 dilute alloys 
(wt% camphor) (K/mm) (pm/s) ("C) (K/wt% camphor) 
Composition G . v  Ts k at Ts mL(Ts) 
0.35 4.46 1 .o 55.70 0.20 -1.261 
0.9 4.46 0.5 5 1.61 0.20 -1.093 
2.0 5.0 0.15 48.10 0.22 -0.874 
3.5. Composition determination of the terminal solid solutions (CS,) at TE 
For a binary eutectic system, compositions of two terminal solutions are also 
important parameters to be quantified. Previous studies indicated that there was no 
measurabIe solubility of SCN in camphor; however there were significant conflicts for the 
soiubility of camphor in SCN and it had never been accurately determined E1 1-14]. For 
example, Kobayashi et ai. [ l l ]  just assumed no solubility at eutectic temperature TE; Taenaka 
et al. [ 121 measured the solidus temperatures for two compositions, linearly connected the 
measured values to the eutectic tie line and gave CS,=7.4wt% camphor; Witusiewicz et al. 
[ 141 found that the solubility of camphor in SCN at TE was 0.3wt% camphor. 
We have determined the solubility of the terminal solid solutions in the present study 
by carrying out coupIed eutectic growth experiment on alloys with near-eutectic 
compositions. Since the eutectic is of rod type [14, 181, the voIume fraction of the camphor 
phase can be easily quantified. With densities cited in literatures (Table 3), compositions of 
the terminal solid solutions can be found through the level rufe. We have carried out 
experiments in SCN-13.0 and 25.0 wt% camphor alloys. For the latter, coupled eutectic 
growth was easily obtained at a velocity V=1.0 pm/s and the rod spacing was -30 pin; for 
the former, a much lower velocity V=O.Olpm/s was required and the eutectic spacing was 
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-1 OOpm. By measuring the camphor rod diameters in the images taken, the volume fraction 
of camphor in the eutectic constituent was -0.06 for SCN-13.Owt% camphor and 0.1 95 for 
SCN-25.0wt% camphor, which are listed in Table 3. 
Composition 
(wt”/. camphor) 
13.0 
25.0 
22.0 
Table 3. Determination of terminal soIid solution composition at TE 
Volume fraction from cs 
coupfed growth (WHO camphor) 
0.06 7.45 pres en t 
0.195 6.87 pres en t 
0.17 6.06 CIS1 
23.5 0.23 (thickness 10pm) -0.3 ~ 4 3  
0.177 (thickness: I3pm) 7.08 
be calculated as pem,,hor=I .020 g/cm3. This value was used in the present calculation, 
Far SCN, the lattice parameters for the BCC phase were slightly different in two publications. Finback 
(Arch. Math. Naturvidenskab, B42 ( I  938)77) reported that a-0.640nm at room temperature and 2 molecules 
were in the unit cell. Then the calculated density is 1 .O 15 g/cm3. In another publication (Finbak and Henry, 
Tidsskrift for Kjemi og Bergvesen, 2(1942)35-36), they reported that the average value of a=0.637nm and 
1.988 molecules on average were in the unit cell, then the derived density is 1.022 g/cm3. The latter was used 
in the present study. 
With the volume fraction known, the weight fraction can be calculated with the 
density data shown in TabIe 3 based on the assumption that the solubiIity of SCN in camphor 
is zero E1 1 , 12, 181, therefore the solubility of camphor in SCN can be further calculated by 
applying level rule at the eutectic tieline. From the present experiment in SCN-l3,0wt% 
camphor, Cs,=7.45 wt% camphor; from that in SCN-25.0wt% camphor, CS,=6.87wt% 
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camphor, 
Yao used SCN-22.0wt% camphor to conduct the coupled eutectic growth experiment 
and found that the volume fraction of camphor phase was 0.17 [l8]. Similar calculation can 
be made which gave CS,=6.06wt% camphor. Witusiewicz et al. also conducted a similar 
experiment in SCN-23.5wt% camphor alloy and reported that the volume fraction of 
camphor phase was 0.23 [14], much higher than the present and Yao’s study [18]. One 
possible reason may be related to their sample cell configuration. The authors described that 
their sample cell was constructed with a lOpm spacer and used this value to quantify the 
volume fraction of camphor phase. Actually the depth of the sampIe should be larger than 
10 m and this conjecture was supported by the image (figure 11 in [14]) that showed that 
all the camphor rods were larger than 10pm in diameter. The largest rod diameter in this 
image was -13pm. If this value was used to quantify the volume fraction of camphor rods 
.instead of I Opm, then the volume fraction of camphor phase in the coupled eutectic structure 
was 0.177, and the derived sofid solubiIity at TE was 7.08wt% camphor, which is in 
reasonable agreement with our present study and that by Yao [ 1 81. Considering the previous 
results and the present study, we set the solubility of camphor in SCN at TE as 7.1Owt% 
camphor and therefore the solute distribution coefficient at TE is 0.3. 
Based on our measurement (Tables I ,  2 and 3), the SCN-camphor binary alloy phase 
diagram can be drawn in Fig. 5. We Iimit the composition range to C<50.1wt% camphor, as 
discussed before. 
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Figure 5. SCN-camphor phase diagram from the present' study. 
4. Discussion 
4.1. Comparison among the measurement techniques 
It is clear that the ring-heater and DSC method gave roughly the same result (Table 1). 
Since the ring-heater method gave the liquidus temperature with an accuracy of +O.l°C, the 
agreement between the DSC and the ring-heater technique indicated that the calibration 
method used in this study was appropriate. 
Though both methods are compatible, we consider that the ringheater is more 
appropriate than DSC because of the peak overlap for compositions close to the eutectic 
point by DSC, which explains that only ring-heater data are listed in Table 1 and in Fig. 5. 
However, since DSC has the advantage of rapid estimate of the liquidus temperature, these 
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two methods are complement to make efficient and correct determination of a binary phase 
diagram. The liquidus line for C<CE can be expressed as: 
TL =58.08-1.3825C+0.0363C2 - 6 . 1 0 4 4 ~ l O ~ C ~  
For the eutectic tieline temperature, the two methods are equally important and 
should give the eutectic temperature very close to each other. DSC is reasonably satisfactory 
if the system is calibrated, as we did in the measurement. The ring-heater method is better for 
the near-eutectic alloys which have a large amount of eutectic constituent. Since it depends 
on the change in the illumination intensity in the viewfield, the variation due to the eutectic 
melting may not be obvious if the eutectic amount is not large, i.e., in the well off-eutectic 
alloys. 
The exact eutectic composition is difficult to obtain. The DSC thermographs of ail the 
near-eutectic alloys showed only a single peak since the amount of primary phase was so 
little and its melting peak was simply contained within the eutectic one (Fig. 3, the 
thermographs of SCN-(20.0, 25,O)wt% camphor). Therefore DSC measurement can only 
roughly determine the eutectic point to lie between 20.0 and 25.0wt% camphor. DirectionaI 
solidification method is not appropriate either to accurately determine the eutectic 
composition since all the near eutectic alloys grow in a coupled growth manner even if the 
temperature gradient is very small [19]. The ring-heater measurement seems to be the most 
appropriate to determine the eutectic composition. However one should remember that the 
melting of a sample originates from a microstructure of the previous growth process and a 
near-eutectic alloy still grows in a coupled manner even though the composition' is not 
exactIy eutectic. 
The method we used was to do a polynomial curve-fitting of the liquidus lines for 
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hypo-eutectic alloys (eq. 1 )  and to extend the curve-fitting to the eutectic temperature 
37.65OC, we found that eutectic composition CE = 23.6 wt% camphor. 
From Fig. 5, we may notice that for compositions 10.1, 15.0, 20.0, 25.0, 35.6 and 
50.1 wt% camphor, the eutectic temperatures were the same within the experimental error. 
However, for SCN-0.9 and -5.1 wt% camphor alloys, the temperatures were apparently lower. 
We assert that these temperatures may not be the eutectic temperature, but the solvus 
temperature for a phase, which in turn indicated that the solubility of camphor in SCN at the 
eutectic temperature should be higher than 5.1 wt% camphor. 
4.2. Equilibrium solute distribution coefficient 
The equilibrium distribution coefficient is of crucial importance in understanding the 
solidification microstructure evolution. In order to obtain its value, we have used two 
different methods: measuring the solidus temperature (Table 2) and conducting the direction 
solidification of an alloy with known composition. 
4.2. I .  Solidus temperature measurement 
With the measured solidus temperature, the corresponding liquid composition can be 
found through equation ( 1 )  and therefore the equilibrium distribution coefficient can be 
determined, as shown in Table 2. The value of k sfightly varies with cornposition, indicating 
that both solidus and liquidus are not straight lines. 
Taenaka et al. (121 used the same method to determine the solidus temperature for two 
hypo-eutectic alloys: SCN-2.0 and -5.Owt% camphor and gave the soiute distribution 
coeficient &0.33+ However their results and ours were not comparable since Taenaka et al. 
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prepared their sainpies under 1 x 1 O5 Pa argon and therefore the alloys were actually ternary. 
4.2.2. Directional soEidrJication experiment 
We further conducted the directional growth experiment and verified that the value of 
k derived above was reasonable. Two types of growth experiments were conducted: ( I )  
steady-state planar front growth to determine the critical growth condition (G/V)c for a planar 
interface to remain stable; (2) steady-state dendritic growth to determine the variation of the 
dendrite tip radius p with the growth velocity V. 
The marginal stability theory on the dendrite tip radius selection indicates: 
The Mullins and Sekerka linear stability theory on planar front growth indicates: 
Here r is the Gibbs-Thomson coefficient, =0.064 K pm [17]; D is the solute diffusion 
coefficient in liquid; mL(TL) is the liquidus slope at the liquidus temperature TL, =-1.36 
K/wt% for an alloy composition C0=O.35wt% camphor; r n ~ ( T ~ )  is the liquidus slope at the 
soIidus temperature Ts, =-1.26 Wwt% for 0.35wt% camphor alloy (Table 2). G* is the 
stability constant, =0.020 from marginal stability theory, ~ ( T L )  and k(TJ are the distribution 
coeficient at TL arid T, respectively. (G/V)d is the critical ratio for a stable planar front, 
=4.46xlO” K s/pm2 for SCN-O.35wt% camphor. For this alloy composition, we have 
conducted the dendritic growth experiment and found that p2V=2271 .9 prn3/s, which was the 
average value for dendrites under G = 1.39 K/mm within the velocity range 3.17-1 0.58 pmls. 
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If the solute diffusion coefficient is accurately measured, either equation 2 or 3 can be 
used to calculate the vaIue of k. There are two reported values of D in literatures. For 
example, Kobayashi et ai. employed the side arm climb method to determine D=0,3x10-' 
m2/s based on the assumption that k 0  [ll]. However from the present study and that by 
Taenaka et a1 [I21 and Witusiewicz et al. [14], k#O, therefore the derived D value was 
questionable. Yao used the value D=0.82x1 O-' m2/s without any reference [ 181. Therefore 
more careful study is still needed to determine the solute diffusion coefficient in - 
SCN-camphor alloy system. 
One can easily see from equations (2) and (3) that their multiplication can eliminate D 
and C,. If one assumes that k may not significantly change within the freezing range of the 
alloy, then one obtains: 
Therefore: 
This calculated value is 20% higher than the value derived from the direct measurement of 
solidus temperature. Considering the errors related with the measurements of tip radius and 
the simplifications made in the calculation, we believe that the values of k by these two 
methods agree with each other. 
Sat0 et al. [13] simply used Van? Hoff equation to caIculate the solidus and reported 
k0.76 (liquidus slope at the dilute limit: m~(C+O)=-1.04 K/wt%) , three times higher than 
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the value obtained in the present study. We tried the similar calculation with m~(C+O)=-l.38 
K/wt%, and obtained k0 .70 ,  which was slightly smaller than the calculated values by Sat0 et 
al. [13], but still well away from the our experiment value kO.20-0.30. One reason is that 
the magnitude of the liquidus slope at C-0 may be significantly larger than the one derived 
from the liquidus temperatures of the concentrated alloys. Our experimental measurement 
started with the alloy composition C=0.35wt% camphor, and the next one was 0.9wt% 
camphor. If we evaluated the slope just based on these two measurements together with the 
melting temperature of pure SCN, the liquidus slope is -1.9 K/wt% camphor, nearly doubling 
the value by Sato et al. [13]. Another reason is the assumption of diIute idea1 solution. The 
components here are two organic molecules with each having special groups in their 
molecular structures, therefore SCN and camphor cannot form ideal solutions, as the 
thermodynamic evaluation in this system has shown f14]. 
With the derived value of k, one can calculate D from either equation (2) or (3), 
which gives D=0.28~10-’ m2/s. Then we checked the dendrite side arm climb experiment by 
Kobayashi et al. (111 and found that instead of D=0 .3~10-~  m2/s, it was actually D/(l-k)= 
0.3xIO-’ rn2/s; then actual D = 0 . 2 3 ~ 1 0 - ~  m2/s, which is not far from the value from the 
present growth experiments. 
4.3. Comparison with previous studies of the phase diagram , 
Table 4 compares the all studies in the phase diagram for SCN-camphor and related 
sample preparation methods. Little was known about the details of work by Kobayashi et al. 
[ 111 except that DSC was used and that the materials were of commercia1 purity. They put 
the eutectic point at 15.5wt% camphor with eutectic temperature T~=307.0K. The eutectic 
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was composed of two pure components and the .liquidus lines were simply linear. 
Sat0 et al. [13] used a ring-heater to determine the liquidus temperature in a phase 
region up to -1 1 Swt% camphor, therefore nothing about the eutectic details was available. 
They used the purified SCN and as-received camphor and the samples were prepared under 
1 x105Pa Ar, Upon equilibrium with Ar, the melting temperature due to the presence of argon 
dropped from 331.24K to 330.OK since Ar has a finite solubility in SCN [20, 211. The 
liquidus was found to be linear and the slope was determined to be -1.04K/wt%. 
Taenaka et al. [12f purified both SCN and camphor. They took great care to 
meltlsolidify their master alloys under high purity Ar to make sure that Ar dissolution in SCN 
reached the equilibrium state. The authors recognized the effect of Ar in their sample 
preparation during the subsequent measurement and acknowledged that the phase diagram 
they determined was actually the isopleth at a fixed Ar composition. They noticed the similar 
melting temperature drop for SCN and slanted tieline, clearly indicating the nature of a 
ternary system. They employed the directionally grown planar front interface to determine 
the solidus and found that the equilibrium distribution coefficient was not zero, the solidus 
and liquidus were linear and the maximum solubility of camphor in SCN was 7.4wt% 
camphor. 
The most recent study in SCN-camphor phase diagram was conducted by 
Witusiewicz et al. [14]. They conducted the thermodynamic analysis in this alloy system, 
used Calphad to calculate the phase diagram and compared the calculation with their 
experimental determination. They used DSC to determine the liquidus temperature; however 
no details were given about the treatment of the peak overlap in the near eutectic alloys. The 
eutectic composition was 23.3wt% camphor and the temperature was 31 1.5K (38.3"C). There 
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was very limited solubility for both terminal solid soiutions at eutectic temperature. The 
samples were prepared from purified SCN and camphor in a glovebox under Ar atmosphere, 
therefore some dissolution of Ar was expected, as has been shown in 112, 13, 20, 211. 
Surprisingly, it seemed that Ar did not affect the alloy composition at all and the eutectic 
temperature was fixed within the experimental error, which was in contradiction with the 
observation by Taenaka et al. [12], The reason for such a contradiction remains unclear. One 
possibility may be that Witusiewicz et al. [ 141 prepared their samples in a much shorter time 
so that Ar dissolution in the alloy was negligible. 
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Figure 6. Comparison of the experimentally determined phase diagram in the present study 
(lines) and that (filled and open circles) by Witusiewicz et al. [ 141. 
In our study, we used high-purity dry N2 as the protective atmosphere in the glovebox 
where DSC and directional solidification samples were prepared. NZ was found to be 
insoluble in SCN [ 151. The DSC pans were sputtered with gold which is inert to SCN [ 161. 
A comparison is made between the present study and that by Witusiewicz et al. [14] 
in Fig. 6. The agreement is reasonable with respect to the liquidus lines, eutectic composition 
and temperature, but the significant difference lies in the solidus line of the SCN base phase. 
We directly measured the solidus temperature by directional growth technique for a few 
dilute compositions and employed the coupled growth method to find CSa=7. 1wt% camphor 
and we believe that coupled eutectic growth method employed in the present study is the 
most appropriate to determine CsU. Our analysis was applied to the coupled growth 
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experiment by Yao (1 81 (Table 3) and a similar value of Csa was obtained. 
5. Summary 
The SCN-camphor binary phase diagram was thoroughly studied experiinentally by 
different techniques and with the high-purity materials and the following conclusions can be 
reached: 
1) DSC is appropriate to determine the eutectic temperature, melting temperature of a pure 
material and the liquidus temperature with distinctly separated peaks. DSC should be 
calibrated within the corresponding temperature range for these low-melting 
3) 
4) 
5 )  
temperature organic materials. 
A ring-heater is the most appropriate method to determine the phase transformation 
temperature for a pure component melting, eutectic and Iiquidus temperature especially 
when there are overlapping peaks in the DSC thermograph. 
SCN and camphor constitute a simpfe binary eutectic system and the eutectic 
temperature is about 37.65"C and the composition is 23.6wt% camphor. 
The liquidus line is convex in the hypo-eutectic region and is concave ' in the 
hyper-eutectic region with respect to the liquid. In the hypo-eutectic region, the Iiquidus 
line can be expressed as: T,, = 58.08 - 1.3825C + 0.0363C2 - 6.1044 x 10"C3 , therefore 
the liquidus slope varies with alloy composition. 
Directional growth of a steady state ,plan,at front is the only viable way to measure the 
solidus temperature for these low-melting temperature organic alloys. Equilibrium 
distribution coefficient k=O.2-0.24 for a composition up to 2.0wt% camphor. The 
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maximum solubility in SCN base solid solution determined by coupled eutectic growth 
is equal to 7.lwt% camphor and the equilibrium distribution coefficient at TE as 0.30. 
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CHAPTER 3. DETERMINATION OF THE SOLUTE COEFFICIENT BY THE 
DROPLET MIGRATION METHOD 
A paper published in Metuallurgicul and Materials Transactions A' 
Shan LiuZ3*, Jing Teng3, and Jeongyun Choi3 
Abstract 
Further analysis of droplet migration in a temperature gradient field indicates that 
different terms can be used to evaluate the solute diffusion coefficient in liquid (DL) and that 
there exists a characteristic curve which can describe the motion of all the droplets for a 
given composition and temperature gradient. Critical experiments are subsequently 
conducted in succinonitrile (SCN)-salol and SCN-camphor transparent alloys in order to 
observe dynamic migration processes of a number of droplets. The derived diffusion 
coefficients from different terms are the same within experimental error. For SCN-salol 
alloys, DL =(0.69*0.05)x mm2/s and for SCN-camphor alloys, DL =(0.24*0.02)xI 0-3 
rnm I s .  2 
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I. Introduction 
Liquid inclusions in a solid matrix can move in a temperature gradient field. The 
movement operates through the melting of the solid side in contact with the liquid inclusion 
with a slightly higher temperature and re-solidification of the side with a slightly lower 
temperature. For simplicity of the subsequent discussion, we refer to the melting side as the 
leading edge and the re-solidification side as the trailing edge. 
The driving force for the meltingh-e-solidification is the composition gradient Gc, 
which is determined by the imposed temperature gradient GL through the relationship 
Gc=Gl/m, m is the liquidus slope. Since melting and re-growth occur simultaneously under 
the diffusive solute flux, this technique has been used to evaluate the solute diffusion 
coefficient in the melt, melting and growth kinetics, etc [ 1-83. Migration of liquid pockets 
also plays a significant role in the side arm climbing/coarsening in a solidification process, 
microsegregation, and planar front initialization [9- 121. 
Liquid inclusion movement in a temperature gradient field can be described by (here 
neglecting solute d i l s i o n  in solid): 
Vis the droplet migration velocity, Ct is the liquid composition at the solidifying edge (i.e., 
the trailing edge), k is the equilibrium solute distribution coefficient and DL is the solute 
diffusion coefficient in liquid. Since m and k can be obtained from a phase diagram and GL is 
set externally, the diffusion coefficient can be calculated if V and (2: can be measured with 
confidence. However a direct measurement of Cl is usually not possible for a moving 
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dropiet. 
Watson and Hunt [SI applied this technique to determine the diffusion coefficient in 
AI-Cu alloys. They embedded two thermocouples in the sarnpie to first determine the 
temperature gradient and obtained the average liquid composition within the temperature 
range indicated by the thermocouples. They calculated the average droplet migration velocity 
by measuring the distance of the leading edge of the droplet band in a few interrupted 
experiments. Then they used eq. (1) to derive the diffusion coefficient by incorporating the 
average velocity, average cornposition and average liquidus slope in the relevant 
temperature range. Critically speaking, this method is not appropriate since flux balance is 
only for the instant interface velocity and instant interface composition, 
In the present study, we employed the droplet migration method to determine the 
solute diffusion coefficient of dilute SCN-salol and SCN-camphor alloys. The transparent 
nature of these materials makes it possible to observe the dynamic movement of an 
individual droplet in situ. The resuIts show that a droplet moves in a slightly accelerating 
manner and its size increases slightly. Then we find that at each thermal gradient there exists 
a characteristic migration curve which is independent of the droplet size. The diffusion 
coefficient can be evaluated by different terms if eq. (1) is transformed to describe the change 
in the instant position of a droplet with time, which gives the same value within the 
experimental error. Experimentally derived diffusion coefficients are compared with the data 
available in literatures [13-161. 
11. Further analysis about the droplet migration equation 
Figure l(a) schematically shows two instants of a dropIet migration process. A 
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temperature gradient is imposed on the sampIe along the x direction. The origin of x axis is 
set at the solid/iiquid interface and the axis points into the liquid. Initially, the droplet is 
Iocated at the position S and has a diameter d(t=O), the temperature at the trailing edge is 
T(f=U) and the corresponding composition in the liquid is C; ( f  = 0) . After some time t ,  the 
droplet migrates a distance SS’  to the position S’ and the corresponding temperature and 
liquid composition are T ( i  and Ci ( t )  . 
C 
+ x  
x(t=O) x(gl 0 Position 
Figure 1. (a) Showing that initially a droplet of diameter d(t=O) is at position S. After some 
time f ,  it moves to S’ with the diameter increasing to d(t), (b) Showing the possible 
temperature profile along the lines ABC and SS’X. ABC is located in the solid well away 
from the droplet; while SS’X is along the center of the droplet. The dash line is for the case 
assuming that there was a continuous liquid between S and X. 
70 
In Fig:], a dashed line schematically shows the temperature profile if there was 
continuous liquid in the region between S and X. This line has a slope GL, which is parallel to 
the temperature profile within the droplet at time t. If this was the case, the temperature T(t) 
could be written as: 
T( t )  = T(t  = 0) + G, + ( ~ ( t )  - ~ ( t  = 0)) (2) 
A few assumptions needs to be made in order to relate C;(t)  to T(1): (1) the effect of 
curvature on liquid composition is ignored; (2) the kinetic undercooling is not taken into 
account since they are negligibIy small for a material with a diffuse solid/Iiquid interface; (3) 
the liquidus line is straight in the relevant temperature range; and (4) the temperature gradient 
GL is constant, then the liquid composition at S’, Ci ( t )  , could be written as: 
(3) G c; (f) = c,: (t = 0 )  f (x(t) - x(t = 0))  rn 
Equation (3) has been used in all the previous studies of liquid inclusion migration .in a 
temperature gradient field. However, it is based on the assumption that there is a continuous 
Iiquid along SS’X, which is definitely not the case for a droplet or a few droplets embedded 
in a solid matrix. For the case of droplet migration (Fig. 2), the solid matrix is continuous 
except the regions occupied by droplets. From Fig. I ,  it is clear that the temperature at S’ 
should be closer to that determined by the line ABC at a position x(t), rather than by the 
dashed line at x(t), then T(t) should be better approximated as: 
T( t )  = T(t  = 0) + G,s . ( ~ ( t )  - ~ ( t  = 0)) 
Correspondingly the equilibrium liquid composition at this position is: 
G c; ( t )  = c; (t = 0 )  + ” ( x ( t )  - x(f = 0)) 
m 
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Clearly the only difference is that G, replaces GL for the determination of the temperature and 
composition in the droplet migration process. For SCN base dilute alioys, the solid and liquid 
phase have almost the same thermal conductivity, therefore GFGL, and the correction is 
negligible. However if a material has very different thermal conductivities in the solid and 
liquid phase, the correction should be significant. 
With the appropriate liquid composition and the flux balance at the trailing edge, eq. 
(1) can be re-written as: 
&i) D, GL y(t) = - = - 
G d* m(1 - L)(Ci ( I  = 0) + " ( x ( l )  - x(t  = 0))) 
m 
Then one can obtain: 
t = a ( x ( t )  - x(t = 0)) - P(x(t> - x(t = o))2 
mc;  (t = 0)(1,- k) 1 with a E- .- 
DL G ,  
(4) 
Therefore DL can be found through p by fitting the dropIet migration process into eq. ( 5 ) .  On 
the other hand, since droplets are initiaIly located at different positions x(t=O), Ci(t = 0) 
varies from droplet to droplet and can be expressed as a function of the initial position: 
Ci  (t = 0) = CL (x = 0) +- -'x(t = 0) , where (2; (x  = 0) is the liquid composition at the G 
m 
solid/liquid interface. Then a can be written as: 
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Therefore DL can also be obtained through df dx(t = o) [ = -- G, .-) 1-k if the migration of 
e*> D,. 
1-k many dropIets is carefully quantified'. For SCN base dilute alloys, da -- 
Next, we will present our experimental results on droplet migration in dilute 
SCN-camphor and SCN-salol alloys and analyze the experimental data based on the above 
derivations. 
111. Experimental 
We used transparent binary alloys SCN-0.7wt% salol and SCN-0.35wt% camphor for 
the present experimental investigation since these binary systems are widely used for 
studying pattern formation and microstructure evolution in a solidification process E1 4-20]. 
The phase diagram of SCN-salol was determined by Kirkaldy et al. [17], which shows that 
the solidus and liquidus are straight lines from 0 to 1 O.Owt%salol, the composition range they 
studied. The phase diagram of SCN-camphor was recentIy re-determined by Teng and Liu 
E191 and the solidus and liquidus are rather straight in the composition range 10, 2.01 
wt%camphor. Since dilute compositions were used in this study, we consider that rn and k are 
constant for both alloy systems. For SCN-0.35wt%camphor alloys, m = -1.32 WW%, and k = 
0.24 [19]. For SCN-0.7wt%salol, rn = -0.68 Wwt% (or -180 K/(rnoIe fraction)) [17] and k = 
0.1 (Appendix). 
' The composition at the solid/liquid interface can be determined from the first term of eq. (8). If we . .  
. It is usually higher than the - mc; (x = O)(l - k) Y .Gs define y = , then Ci(x = 0) = 
D , G ,  m . ( d a / d c ( t  = O ) )  
alloy cornposition C,, indicating that there exists a solute enriched layer ahead of a stationary solid/Iiquid 
interface. The solute enrichment in this layer is related to the Soret effect of the alloy used and may 
dominate the dynamics of the initial transient 112, 211. Since it is not related to the diffusion coefficient 
analysis for the present work, we will not evaluate this term. 
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Since the compositions are very low, the freezing ranges are only a couple of degrees: 
for SCN-0.35wt%camphorY the freezing range is 1 SoC; and for SCN-O.irwt% salol, it is 4.3"C, 
therefore we will ignore the temperature dependence of the diffusion coefficient in the 
following analysis. 
SCN was purified by distillation under vacuum folIowed by multiple zone refining, 
Camphor was purified by sublimation (twice) under vacuum and salol was purified by 
muItiple zone refining. The alloys were prepared in a glovebox filled with dry N2. Master 
alloys were infused into rectangular glass tubes (0.2Hx4.OWx300L mm). The as-soIidified 
microstructure was composed of SCN base dendrites when a sample was cooled down 
naturally. The orientation of the sample was chosen so that one { loo} plane was parallel to 
the glass surface and one <loo> direction was aligned with the length of the glass tube. The 
inter-dendritic segregation leads to formation of some liquid droplets once the sample was 
placed onto the temperature gradient stage. In this way, the direction of the droplet migration 
would be in a <loo> direction since the temperature gradient was applied along the length of 
the sample. 
The sample was placed onto a temperature gradient stage with the preset gradient. 
Since the rectangular $ass tube had a very thin wall (200 pm thick), thermal equilibrium was 
reached within a coupIe of minutes. The droplet m.igration process was observed under a 
microscope and recorded directly into a computer after the sample was placed on the stage 
for -5 minute. A series of images were continuously recorded for a fixed viewfield with fixed 
intervals and the migration process was digitized from these images by measuring the trailing 
edge of each droplet. 
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IV. Experimental results 
We employed two different temperature gradients for each material. Salol is slightly 
more dense than the solvent SCN; while camphor has almost the same density as SCN, 
therefore the density of liquid in a droplet should be very close to the solid matrix and droplet 
migration can be assumed Eo be horizontal and parallel to the top and bottom of the sample 
cell. Nonetheless, we did observe that a droplet may touch the gIass and disappear if its size 
is too large (e.g. >lo0 pm), therefore only the droplets of the initial size between 15 and 40 
pm were selected for the study since they were almost certain to migrate to the solid/liquid 
interface. 
4. I .  Droplet migration in the SCN-0.7wt%salol sample 
4.1. I. General behavior of the droplet migration 
Two temperature gradients imposed were 5.2 K/mm and 2.6 Wmm. For each 
temperature gradient, migration of multiple droplets was carefully followed and quantified. 
Figure 2 shows the distribution of 22 droplets that were analyzed for G = 5.2 K/mm. They 
were located at different starting positions and were of different sizes. As a droplet moved 
towards the solid/liquid interface, the velocity tended to increase and its size became slightly 
larger as well. Figure 3 shows these observations quantitatively for droplet M marked in Fig. 
2, Both the leading (melting) and trailing (solidifying) edge were quantified and the droplet 
size was taken as the difference between them. This droplet was initially located at 645 pm 
away from the solid/liquid interface. Its size increased from -18.2 pm to -25.5 prn while it 
moved 645 pm from its initial position to the soIid/liquid interface within 580 seconds. The 
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slightly enlarged droplet dimension in this process indicated that the leading edge increased 
its velocity at a somewhat larger rate than the trailing edge. For a migration curve as shown 
in Fig. 3, we can now evaluate the dynamic, in-situ movement of an individual dropkt 
instead of analyzing the average droplet band migration behavior, as has been done by 
Watson and Hunt [8]. 
Figure 2. Overall distribution of droplets at the start of migration (SCN-0.7wt%salol, 
G=5.2Wmm). S stands for “solid” and L for “liquid”. The 22 droplets analyzed are labeled as 
A, B, C, ....., V. 
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Figure 3, The variation of the position (leading and trailing edge) and the size with time for 
droplet M in Fig. 2. 
Since the driving force imposed was aligned with the temperature gradient, the 
diametric circle perpendiculat to the temperature gradient direction had a negligible driving 
force while the IeadinghraiIing points had the maximum driving force. The difference in the 
driving force caused the droplets to be elongated. One may have noticed that the droplets 
near the solid/liquid interface were usually of elongated shape along the temperature gradient 
. 
direction (Fig. 2). The shape evolution observed in the present study is same as that discussed 
by Jones [4-61. 
Figure 4 summarizes the positions of the trailing edge of 10 droplets in the migration 
process. Though the initial position and the initial size may be different, all the droplets 
moved in a similar accelerating manner. A careful examination of Fig. 4 indicates that the 
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migration curves for different droplets may overlap if we shift a curve by an appropriate time 
interval, The result is shown in Fig. 5 .  The amount of shift is determined by the initial 
position of a droplet. For example, the droplet H in Fig. 2 is located farthest away from the 
solid/liquid interface. The initial position of the droplet H was -724 prn and that of the 
droplet M was -645 pm. The measurement showed that it took 1 15 seconds for the droplet H 
to move from -724 pm to -645 pm, therefore 115 seconds was added to the time for droplet 
M and this shifted the curve for M to the right-hand side and merged with the curve for H. 
The same operation applied to all the droplets and similar overlapping behavior was observed. 
For cfarity, we just include ten droplet migration curves in Fig. 5. 
After the appropriate shifts, the migration curves for the 22 droplets we measured 
collapse onto a characteristic one as shown in Fig. 5 despite the droplet size and the initial 
position. Therefore in addition to analyzing the individual droplet migration, we have one 
more option to study this characteristic curve which represents the cumulative migration 
behavior of all the droplets in the region of interest. 
For a fixed alloy composition in this study, the characteristic curve depends only on 
the imposed temperature gradient. Figure 6 shows the characteristic curves in the 
SCN-0.7wt%salol alloy for two temperature gradients: G= 5.2 and 2.6 Wmm respectively: 
the one with a more shallow temperature gradient lies above the one with a steeper gradient, 
which agrees with the fact that a smaller thermal gradient generates a smaller driving force 
(composition gradient), and a slower migration velocity. 
. 
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Figure 4. Summary of the quantified migration process for 10 droplets shown in Fig. 2. 
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Figure 5. Overlap of the individual droplet migration path by an appropriate shift to form a 
characteristic migration curve (SCN-0.7wt%salol, G=5.2Wmm). 
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Figure 6 .  Characteristic migration curves for droplets of SCN-0.7wt%salol at Gz2.6 and 5.2 
Wmm. In order for the comparison to be made easier, we transform the time axis so that the 
time is zero at the solidAiquid interface. 
4.1.2. Quantijcation of the migration curves 
Table 1 lists the curve-fitting results for all 22 droplets shown in Fig. 2 into the form 
of eq. 5 :  t = a ( x ( t )  - x ( f  = 0)) - P(x(t )  - x(t  = O ) ) 2 .  Since x(t=O) is measured directly from 
the initial position of a droplet, only a and j3 are the parameters to be determined. The 
correlation coefficient for the curve-fitting is found to be always higher than 0.99. For SCN 
base dilute alloys, G,~GL,  and the parameters p and 01 are related to DL through: 
1-k  p = -  
2 4  
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17’) 
k-1 =- d a  
&(t = 0) D,. 
The values of p randomly change for different droplets within the range [6.044xIO4, 
6.985~10-~]  s/pmZ. From the p value of an individual droplet, the diffusion coefficient is 
derived by eq. (7’) and the result is shown in column 5 of Table 1. The derived diffusion 
coefficient for G= 5.2 Wmm is (0.69rt0.05) x10m3 mm2/s. Under this temperature 
gradient, d a  /&(t = 0) = -0.001414 s/pm2, the derived diffusion coefficient from eq. (8’) is 
0.64~10 ‘~  mm2/s, which is listed in the last coIumn of Tabk 1 .  
Since all the droplets follow the same characteristic migration curve, p can also be 
derived from the characteristic curves (Fig. 6)  and the diffusion coefficient can be calculated 
from this p value. For G = 5.2 K/mm, p=6.77~10-~ s/pm2, which gives the diffusion 
coefficient as 0 . 6 6 5 ~  1 0-3 rnrn2/s. 
The same procedure can be applied to the droplet migration in the SCN-O.7wtY0saIol 
alloy at G = 2.6 K/mm. Since we have observed in the previous experiments that all the 
droplets follow a characteristic migration curve, we quantify fewer droplets (8 instead of 22) 
and the results are shown in Table 2. 
The diffusion coefficients from individual p values, the p value from the 
characteristic curve and the value from da/dx(t  = 0) are basically the same within the 
experimental error and the diffusion coefficient value at the lower temperature gradient do 
, . not significantly differ from those obtained at a higher gradient. Therefore any method 
’ among the 3 evaluated here can be used to derive the diffusion coefficient, though the authors 
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tend to suggest using the characteristic curve since it reflects the cumulative migration 
behavior of many droplets and the error should be minimal. 
Table 1. Summary of the droplet migration shown in Fig. 2 
DL from da/du(l=U), 
XI o3 mm2/s 
0.64 
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I Table 2. Quantification of the droplet migration curves for SCN-0.7wt%salol at 
DL from da/dx(i-O), 
XI o3 mmz/s 
0.63 
4.2. Droplet migration in the SCN-0.35wt%carnphor sample 
Similar experiments were conducted in the SCN-0.35wt%camphor alloy at two 
temperature gradients, G = 3.4 and 1.3 Wmm (Fig. 7). Similar measurements of the droplet 
migration were made and the results are shown in Table 3. Clearly for both temperature 
gradients, the diffusion coefficients from three different approaches are basically the same. 
V. Analysis and discussion 
The derived diffusion coefficients for both SCN-salol and SCN-camphor alloys are 
presented in Tables 1, 2, and 3 .  For the SCN-0.35wt%camphor alloy at G = 3.4 Wmm, the 
diffusion coefficient from the j3 value of individual droplet measurement varies slightly 
within the range L0.23, 0.25]~10-~  mm2/s with an average at 0.24~1 0-3 mrn2/s. The term 
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Table 3. Droplet movement in SCN-0.35wt%camphor at G=3.4 and 1.3 Wmm 
G=3.4Wmm 
Droplet label x(t=O), prn 
H I -427 
DL from fi, 
mm2/s 
xi o3P> a, slpm 
xi 04. sipm2 
1 . I2  1.64 0.232 
1.18 1.62 0.235 
1.25 1.53 0.248 
1.358 1.593 0.238 
1.481 1.528 0.249 
1.617 1.504 0.253 
1.644 1.517 0.251 
1.789 1.551 0.245 
Average p 1 1.562 I 0.243 
p from the 
characteristic curve 1 1.633 I 0.233 
DL from da/dx(f=U), 
XI o3 mrn2/s 
0.26 
G=l.3Wmm 
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Figure 7. Characteristic migration curves for droplets of SCN-0.35wt%camphor at G=3.4 and 
1.3 Wmm. 
da/dx( l  = 0) gave the diffusion coefficient as 0 . 2 6 ~  lo” mm2/s; while the characteristic 
migration curve gave the diffusion coefficient as 0.23~ mm2/s. The diffusion coefficients 
at G=l.3 Wmm are similar to those at G=3.4 Wmm. We consider that all the derived values 
of diffusion coefficient from different terms are the same within the experimental error. 
Kobayashi at  al. measured the side arm climb distance in the constrained crystal 
growth process of SCN-6.Owt%camphor and obtained the solute diffusion coefficient 
D~=0.3xlO-~ mm2/s [14]. Indeed, the term should be D, /(1 - k )  = 0 . 3 ~  mm2/s from 
their derivation (eq. (1 0) in [14]). The authors then assumed that k=O and therefore obtained 
DL =0.3x 1 0-3 mm2/s. However for the binary SCN-camphor system, k0.24 by our recent 
effort to determine the phase diagram [19], and therefore D~=0.23xlO-~ mm2/s, which is in 
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good agreement with the present study. 
For the SCN-0.7wt%salol alloy at G=5.2Wmm (Table I ) ,  the individual droplet 
measurement gave the diffusion coefficient slightly varying within the range C0.64, 
0.74]xlO” mm2/s with an average at 0 .69~10-~  mm2/s. The term da /dx ( t  = 0) gave the 
diffusion coefficient as 0 . 6 4 ~  1 Oh3 mm2/s; while the characteristic migration curve gave the 
diffusion coefficient as 0.67~10” mm2/s. Again, all the derived values from different terms 
are considered to be the same within experimental error. The derived diffusion coefficient at 
G=2.6 K/mm and 5.2 K/mm were found to be quite similar (Table 2). 
Three different values of diffusion coefficient in the SCN-salol system have been 
used in literatures [13, 22,231. Venugopalan and Kirkaldy [22] indicated that the cited value, 
DL=( I-2)x mrn2/s was estimated from Hildebrand’s correlations; while Liu and Kirkaldy 
[23] did not specify the technique to determine the diffusion coefficient, but just tabulated 
D~=0.8x10-~ mm2/s, therefore it is dificuk to compare the present study with these data. 
Zeidler, Albright and Kirkaldy [ 131, using a Gosting Diffusiometer, obtained &=0.4x 1 0-3 
mrn2/s, which is much srnaIler than the value obtained in this study. 
Actually Zeidler, Albright and Kirkaldy re-determined the diffusion coefficient in 
SCN-acetone alloys and reported that D~=0.92x10-~ mm2/s 1131. This value is also much 
smaller than the generalIy accepted value &=1.27x 1 0-3 rnm2/s, which was experimentally 
determined by Chopra, Glicksman and Singh [24] and has been used to explain the 
microstructure lengthscale selection successfully. Therefore the smaller value of diffusion 
coefficient by Zeidler, Albright and Kirkaldy [13] may be related to the technique employed. 
In the Appendix, we presented the measurement of the solidus temperature of the 
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SCN-O.7wt% salol aIloy. The soIid/tiquid interface was a stable planar front for V=l .O pmls 
and G=5.65 Wmm and a slightly larger growth rate led to the destabilization of the interface, 
therefore we may use the planar front stability condition to estimate the diffusion coefficient. 
The linear stability theory of planar front growth [25] requires that: 
where G is the thermal conductivity weighted temperature gradient. Since the solid and 
liquid phase of dilute SCN base soIutions have almost the same thermal conductivity, 
,G =G~=5.65K/mm. AT, is the freezing range, =4.28 K from the Appendix. Therefore 
D~=O.76xlO'~ mm2/s. Clearly this value is very close to the data obtained through droplet 
migration method. This should be so since both processes (droplet migration and stable 
planar front growth) occur in a temperature gradient field and involve the movement of 
solid/liquid interface. 
Watson and Hunt [XI also considered the error introduced by different densities of the 
solid and liquid phases. Fortunately, the density of the solid and liquid phase of SCN base 
dilute solutions are very close to each other [26], and this effect can be safely ignored in this 
study. 
Another possible error in the determination of diffusion coefficient by droplet 
migration method is from the Soret effect. Watson and Hunt [8] pointed out that the measured 
diffusion coefficient (DM) by the droplet migration method actually included both the real 
solute diffusion (DL) and the Soret diffusion (DT), and they were correlated by: 
( 1.0) D,, = D, (1 + mS * c,  (1 - c,, 1) 
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where S is the Soret coefficient, which is defined as: S = D,. / D ,  , CL is the liquid 
composition in mole fraction, Since rn i s  negative, DL is always larger than DM. Though we 
can estimate the average liquid composition in the droplet migration process, we do not know 
the Soret coefficient, thus the real diffusion coefficient cannot be evaluated for both 
SCN-salol and SCN-camphor alloys. However, since the liquid diffusion coefficient is most 
frequently used to quantitatively evaluate the microstructure lengthscale selection in 
directional solidification processes, the values obtained in this study should be the 
appropriate ones to apply. 
VI. Conclusion 
We have revisited the equation governing the droplet migration in a solid driven by a 
temperature gradient and concluded that the migration process of a droplet should be fit the 
formt = a(x(t) - x(t = 0)) - P(x(t) - x ( l  = O))’, from which the diffusion coefficient can be 
calculated from p or d%x(f = *>. By carefully quantifying the droplet migration in both 
SCN-salol and SCN-camphor altoys, we have found that there exists a characteristic 
migration curve independent of droplet size and position but dependent on the temperature 
gradient for a given alloy. For each alloy, we have obtained consistent values of the diffusion 
coefficient. For the SCN-camphor alloy, D~=(O.24*0.02)~ 1 0-3 mrn2/s; for SCN-salol, 
D~=(0.69*0.05)x I 0-3 mm2/s. 
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Appendix: The equilibrium distribution coefficient in the SCN-0.7wt%salol alloy 
Liu and Kirkaldy reported that k = 0.2 (based on mole fractions for the solid and 
liquid composition) in SCN-salol binary alloys [17]. We have done a limited number of 
directional solidification experiments to measure the interface temperature as a function of 
velocity at G=5.65K/mm. The measured interface temperature is shown in Fig. A l .  For 
V210.0 pmh,  the growth morphoIogy is dendritic, and the interface temperature approaches 
the liquidus temperature of the alloy (T~=57,59*C). For V=l.O p d s ,  the growth interface at 
steady state is planar and therefore the measured interface temperature is equivalent to the 
solidus temperature of the alloy, i.e., TS=53.29'C. For velocities in between, the morphology 
is cellular and the interface temperature sharply increases. For the dilute compositions, the 
solidus and liquidus line are linear, therefore we can obtain the equilibrium distribution 
coefticient from the freezing range (T1,-TS) of this SCN-0.7wt%salol 
aIloy,AT = T,, - T, = mC,(k - l ) / k ,  which Ieads to k =  0.096. Therefore we used h 0 . 1  in the 
present analysis. 
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Figure A1 + Variation in interface temperature with growth velocity for SCN-0.7wt%salol 
alloys (G=5,65K/mm). 
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CHAPTER 4. CELLULAR MICROSTRUCTURE IN DIRECTIONAL 
SOLIDIFICATION 
A manuscript to be submitted to Physical Review E 
Jing Teng’, B. Billia2,* and R. T r i ~ e d i ” ~  
Abstract 
The characteristics of cellular interface during directional solidification are 
investigated in the succinonitrile-camphor system in which a eutectic interface forms in the 
intercellular region. Detailed experimental studies have been carried out in capillary samples 
with diameters 0.1 mm to obtain a single cell that forms under purely diffusive growth ’ 
conditions. Benchmark data are obtained on the shapes of the cells and on the variations in 
the relative width of the cell, cell tip undercooling and cell tip radius with velocity. A 
theoretical model, based on the three-dimensional Saffmann-Tay lor model, is developed and 
the experimental results are compared with the predictions of the model. The results show 
two distinct branches of solution, with the Saffman-Taylor branch being followed only for 
velocities that are just above the planar interface stability threshold. At higher velocities, the 
results approach the parabolic tip model. 
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1. Introduction 
During the directional solidification of alIoys, a cellular array develops when the 
interface growth conditions exceed the threshold for the planar interface stability. The 
theoretical description of the cellular array is complicated due to the strong interaction of 
solute field between the neighboring cells which causes the interface to acquire a specific 
shape for steady-state growth. Consequently, the current modets are based on numerical 
simulations [ I ,  21, whose results are often described by an analytical expression that is 
obtained by curve fitting. Several approaches have also been taken to develop an analytical 
model for cellular growth, but they have not been able to accurately describe the cellular 
array problem [3]. Analytical models, based on an analogy between the Saffmann-Taylor (ST) 
finger growth problems, have also been developed to describe cellular growth [4-71, and 
experimental studies [8] have shown that the shape of the directional solidification cells can 
be accurately described at low velocities by the ST finger shape over a narrow range of 
growth conditions if another phase such as a eutectic is present in the intercellular region, as 
shown in Fig. l(b). 
The ST finger problem is a classic example of the nonlinear pattern formation in 
nature, and has been studied extensively, both theoretically and experimentaIiy. Most studies 
have been carried out for two dimensional patterns and experiments have been carried out in 
thin Hele-Shaw cells in which a finger shaped pattern forms when a viscous fluid is displaced 
by a less viscous fluid, as shown in Fig. l(a). It is found that an infinite number of discrete 
branches of steady-state solutions are present in a sample of given width [9]. However, all 
these branches, except one, are unstable and the selection of the stable finger shape is 
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Figure 1. Schematic illustrations of (a) a viscous finger, and (b) a directional solidification 
cell with eutectic in a cylindrical sample of diameter h. 
governed by the interface energy parameter [I  01. 
In directional solidification, the cell is three-dimensional, and the shape of the cell is 
considered to have a rotational symmetry. To consider the analogy with the ST finger, a 
three-dimensional model of a cylindrical finger growth is required. Such a model has been 
developed for isotropic surface energy by Levine and Tu [I I], who obtained a relationship 
between the relative width of the finger and the surface energy parameter, 7, for steady-state 
growth. In contrast to the 2D finger problem, in which steady-state solutions are present for 
any non-zero surface energy parameter, Levine and Tu [ 1 I ]  found that no steady state finger 
shape exists when the interface energy parameter is below some critical value. An analogy 
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between the cell and finger in 3D is required. 
The aim of the present work is to present the results of directional solidification 
experiments in the succinonitrile (SCN)-camphor system in thin cylindrical samples in which 
only a single three-dimensional cell forms ahead of a planar eutectic front and the growth is 
governed by diffusive transport only. We then investigate the following key aspects: (1) 
determine the shape of the cell, and establish the regime of experimental parameters for 
which the shape of the cell can be described by the three-dimensionai Saffmann-Taylor finger 
shape; (2) provide benchmark data on the characteristic cell parameters (tip radius p, tip 
undercooling AT and cell diameter d at the eutectic front) as a function of velocity V; (3) 
determine the relationship between the width of the cell and the interface energy parameter 
for steady-state cell growth in three-dimensions, and examine the validity of the Levine-Tu 
relationship, which is important since ST-finger in 3D between the two fluids is unstable; and 
(4) determine the experimental conditions at which the shape of the cellular front deviates 
from the viscous finger shape, and approaches the parabolic shape. In addition to the 
experimental studies, a theoretical model will also be developed for the directional 
solidification celI with intercellular eutectic that is based on the 3D Saffmann-Taylor model, 
This model wiIl define the appropriate interface energy parameter for cells, and relate it to 
the width of the finger for steady-state growth. Appropriate expressions for the shape of the 
cells and for the cell tip undercooling will also be developed, and compared with the 
experimental results on 3D cells. 
2. Experimental Studies 
Directional solidification experiments are carried out in thin cylindrical samples of a 
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model transparent system of SCN-camphor so that the shape of the interface and the cell tip 
undercooling can be measured precisely. This is a simple eutectic system with the eutectic 
composition as 23.6 wt% camphor and eutectic temperature 37.6 OC, as determined 
experimentally [I2]. Relevant properties of this system are listed in Table 1. The sample was 
contained in a cylindrical glass tube of 100 pm ID and 550 pm OD. In order to obtain a 
single cell, two off-eutectic compositions were examined, 9.6 wt% and 13.0 wt% camphor. 
The liquidus temperatures of these alloys were measured by DSC as.47.63 OC and 44.9OoC, 
respectively. The difference between the Iiquidus and the eutectic temperatures for these two 
alloys is 10.03 and 7.3 "C, and the freezing ranges (in absence of eutectic) were obtained as 
14 "C and 16.5 OC, respectively. 
Since it is not possible to place a thermocouple in a very thin tube to measure the cell 
tip temperature without significantly influencing the cell shape, the following procedure was 
used. ( 1 )  First, a calibrated thermocouple was placed in a sample to precisely measure the 
temperature gradient between the liquidus temperature and eutectic temperature, and (2) the 
cell length and cell shapes were measured in other samples free of a thermocoupIe, but all 
experimental conditions were kept identical to those for the calibration. To ensure a stable 
growth of cells, the cell orientation was selected such that a 4 0 0 >  crystallographic direction 
was aligned (within 5') parallel to the axis of the capillary tube. 
Experiments were carried out in SCN- 9.6 wt% camphor for two different thermal 
gradient values, i.e. 4.75 and 4.16 K/mm, and eight different velocities were used for each 
thermal gradient value. For SCN- 1.3.0 wt% camphor, experiments were carried out for five 
different velocities at a fixed thermal gradient of 2.8 K/mm. The experimental conditions are 
given in Table 2, and the results are listed in table 3. 
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C; Thermal 
gradient, Wmm 
4.75 
4.16 
2.8 
Table 1 . Material and Alloy Parameters for the Succinonitrile-Camphor System 
V,, Critical 
velocity, pm/s 
0.091 6 
0.0802 
0.0458 
Succinonitrile 
CO, 
wt% camphor 
Melting point (TM) 331.24 K 
Molar entropy of fusion (AHf) 11.21 J/mol 
Density of solid (ps) 1.016 x 103 Kg/m3 
Density of liquid (p~) 0.907 x 103 Kg/m3 
Thermal conductivity of solid (Ks) 0.224 J/msK 
Thermal conductivity of liquid (KL) 0.223 J/msK 
Solid-Iiquid interface energy (y) ' 8.95~10-~  J/m2 
Gibbs-Thomson coefficient (r) 0.64 x Km 
Molecular weight 80.09 g/mole 
Succinoni frile-camphor 
TL Liquidus ATo, Freezing 
temperature, OC range, "C 
Diffusion coefficient in the liquid (D) 
Equiiibriurn partition coefficient (k) 0.3 
2.7xlO-" m2/s 
Liquidus slope (m) -1.57 K/W% 
Table 2. Experimental Conditions with Relevant Parameters 
9.6 I 47.63 I 14.0 
9.6 I 47.63 I 14.0 
13.0 I 44.9 I 16.5 
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Table 3: Summary of experimental results 
CO =9.6wt %andG =4.75Wmm 
kCi /CO Cell 
shape 
V 
pm/s 
0.15 
0.20 
0.30 
0.40 
0.50 
0.60 
0.81 
1.01 
VIV, 
1.59 
2.16 
3.25 
4.36 
5.47 
6.58 
8.79 
11.0 
PI3 
=AVID 
0.054 
0.073 
0.1 IO 
0.148 
0.186 
0.223 
0.298 
0.374 
Ti "C 
37.98 
38.82 
39.75 
40.83 
41.55 
42. I2 
42.62 
43.14 
AT 
K 
9.64 
8.80 
7.87 
6.80 
6.08 
5.30 
5.01 
4.49 
h, 
0.594 
0.654 
0.664 
0.676 
0.680 
0.700 
0.693 
0.706 
P 
Pm 
16.84 
14.0 
12.8 
12.1 
7.5 
7.0 
5.4 
5.3 
0.61 1 
0.584 
0.554 
0.519 
0.496 
0.471 
0.462 
0.445 
ST-Finger 
' Finger 
Finger 
Finger 
Parabola 
Parabola 
Parabola 
Parabola 
Ti OC 
Pe 
=AVID 
Cell 
shape 
V 
pmls 
0.15 
0.20 
0.30 
0.40 
0.50 
0.60 
0.81 
1.01 
VIV, 
1 .82 
2.47 
3.72 
4.98 
6.25 
7.52 
0.46 
0.45 
kCi IC0 
0.60 
0.58 
0.54 
0.52 
0.50 
0.48 
3.60 
4.67 
AT 
K 
9.38 
8.72 
7.45 
6.76 
6.06 
5.66 
4.96 
4.57 
P 
Pm 
16.5 
14 
12.8 
11.8 
7.4 
6.8 
6.5 
5.4 
0.635 
0.656 
0.680 
0.686 
0.688 
0.696 
0.704 
0.710 
0.054 
0.073 
0.1 10 
0.148 
0.186 
0.223 
10.0 
12.6 
Finger 
Finger 
Finger 
Finger 
Parabola 
Parabola 
Parabola 
Parabola 
38.25 
38.90 
40.18 
40.87 
41.57 
41.97 
42.67 
43.05 
Co = 13.0 wt %and G = 2.8 U m m  
Pe 
=hVID 
kCi IC0 Cell 
shape 
V 
pm/s 
0.125 
0.15 
0.20 
0.30 
0.50 
VIV, 
2.73 
3.19 
4.32 
6.5 1 
10.9 
Ti 
"C 
37.90 
38.11 
39.09 
39.66 
41.56 
AT 
K 
7.00 
6.79 
6.0 1 
5.44 
3.54 
P 
vm 
14.95 
14.66 
13.96 
8.70 
6.30 
0.046 
0.054 
0.073 
0.110 
0.185 
0.52 
0.5 1 
0.49 
0.47 
0.41 
ST-Finger 
ST-Finger 
Finger 
Parabola 
Parabola 
0.578 
0.655 
0.659 
0.671 
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Selected observed ceIl shapes are shown in Figs. 2-5. Although the general shape of 
the cell is complex, Trivedi et al. [SI have shown that at low velocities the cell shapes ahead 
of the eutectic front can be described by the 3D-Saffmann -Taylor shape given by: 
= -In( 2’ A’ cos E) 
n2P 
where 2 is the growth direction, r is the radial direction, and p is the cell tip radius. The tube 
diameter is A, and A is the relative width of the finger, i.e. A = dJh, d, being the width (or 
diameter) of the finger at the eutectic front, as shown in Fig. f (b). 
Figure 2(a) shows the shape of the cell in a tube of 100 pm diameter in SCN-9.6 wt% 
camphor, directionally solidified at V = 0.15 pm/s and G = 4.75 Wmm. The experimentally 
observed cell shape (shown with filled circles) is compared in Fig. 2(b) with the 3D-ST shape 
equation (solid line), given by equation (l) ,  and a good match is observed for the entire shape 
of the cell. When the velocity was increased to 0,20 pm/s and above, or the gradient was 
reduced to 4.15 Wmm, deviations from theoretical shapes were observed, as noted in Table 
3. 
The cell shapes in a higher composition alloy of SCN-13.0 wt% camphor are shown 
in Figs. 3(a) and 4(a) for two different velocities of 0.125 and 0.15 ym/s at G = 2.8 Wmm. 
Both the shapes were found to match accurately with the theoretically predicted shape, 
equation (11, as shown in Figs. 3(b) and 4(b). When the velocity was increased to 0.20 pm/s 
and above, deviations from theoretical shapes were observed, as shown in Fig. 5. A good 
match is obtained only near the tip region or if the relative width is adjusted to a smaller 
value, as shown in Fig. 5. When the velocity was increased to 0.5 pm/s, the shape of cefl’tip 
becomes much sharper, and approached a parabolic shape, as shown in Fig. 6. The parabolic 
I O 1  
shape matched up to about 4p (p is tip radius) distance behind the tip so that the tip 
undercooling could be described by the Ivantsov model. 
Measurements of cell tip undercooling and cell tip radius with velocity were carried 
out, and the widths of the cells at the eutectic isotherm were also measured. All these data are 
given in Table 3. We shall discuss these results after we present an analogy between the 
finger and the 3D cell growth to obtain appropriate expressions. 
I 
I 
I 
I 
4 0  
I I 
Figure 2. (a) The shape of the cell in a tube of 100 prn diameter in SCN-9.6 wt% camphor, 
directionally solidified at V = 0.1 5 pm/s with G = 4.75 Wmm; (b) A comparison of the 
experimentally observed cell shape (shown with filled circles) with the 3D-ST shape 
equation (solid h e ) .  
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I 
I Experimental 
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0 
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at 
, 
-60 
~~~ -100 -8 -40 
- 
40 
Figure 3. (a) The shape of the cell in a tube of 100 pm diameter in SCN-13.0 wt% camphor, 
directionally solidified at V = 0.125 pmls with G = 2.8 Wrnm; (6) A comparison of the 
experimentally observed cefl shape (shown with filled circles) with the 3D-ST shape 
equation (soIid line). 
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0 
-50 
9 
Pi 
-100 
-150 
- Z=(dc/x)21n(~s(rrr/d~)/~ 
Experimental 
Figure 4. (a) The shape of the cell in a tube of 100 ym diameter in SCN-13.0 wt% camphor, 
directionally solidified at V = 0.15 p d s  with G = 2.8 K/mrn; (b) A comparison of the 
experimentally observed cell shape (shown with filled circles) with the 3D-ST shape 
equation {solid line). 
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Figure 5. (a) A comparison of the experimentally observed shape (shown with filled circles) 
in SCN-13.0 wt% camphor, directionally solidified at V = 0.2 pm/s, at: G = 2.8 K h m ;  (b) A 
magnified view of the shape near the tip region. Experimentally observed relative width at 
the eutectic isotherm, which is 0.655, shows a significant deviation (solid line), and a good 
matching is observed only close to the cell tip region, However, a good match is observed 
when an effective relative width of 0.5769 is used (shown by a dotted line). 
Figure 6: A comparison of parabola tip with in-situ morphology of SCN-13wt% camphor 
alloy at growth condition V = 0.501 p d s ,  G = 2.8 Wmm, 9 100 pm. 
3. Theoretical model 
We first consider the analogy between the Saffmann-Taylor finger and directional 
solidification, and then examine the model when the results deviate from the 
Saffmann-Taylor branch and follow the parabolic tip shape model in presence of anisotropy 
in interface properties. 
The anaIogy with the directional solidification celIs and the Saffmann-Taylor finger 
has been discussed by Peke and Pumir [4] and Karma and Pelce 151 for the two dimensional 
problem during the solidification of a single phase alloy. We shall follow their procedure, and 
extend the model to three-dimensional growth in presence or absence of a eutectic phase 
between the cells. The diffusion problem in cellular growth is considered in three regions: (i) 
outer solution ahead of the cell in which the concentration profile decays exponentially; (ii) 
the inner solution in the region of the tip; and (iii) the tail region in which the Scheil effect 
becomes important. The ST problem considers the velocity potential in the regions (i) and (ii) 
only, and the tail region causes departure from the ST finger solution. In this study, we have 
therefore examined the cell formation in a eutectic system in which the tail region is cut-off 
by the presence of a eutectic at very low growth rates. We shall thus consider the ceh la r  
growth problem in which a eutectic front is present. 
A, Saffmann-Taylor model in 3D 
We first consider the basic formulation of the ST-finger problem. The velocity 
potential, @, satisfies the Laplace’s equation: 
v2Q, = o  
in the region outside the finger (Le. in the viscous liquid phase). For steady-state finger 
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advancing at a constant velocity in the z direction, the boundary conditions at the interface 
and at the wall are given by: 
oi =.K 
= O  
(3) 
(4) 
(5) 
where K is the curvature of the interface, y is the interface energy parameter (often referred to 
as the surface tension parameter).that controls the selection of the relative width of the finger, 
V is the finger velocity, and 8 is the angle between the local normal to the interface, n, with 
the growth direction z. All length scales are divided by the radius of the tube (r = a) to obtain 
dimensionless quantities. 
B, DirectionaI solidification 
We shall first define the problem of directional solidification, and then rescale the 
variables to obtain equations analogous to the set of Eqs. (2) - (6).  Consider directional 
solidification of an off-eutectic alloy of composition C, under growth conditions in which 
steady-state cells form ahead of a eutectic front. The concentration profile in the liquid is 
governed by: 
ac v2c + P - = o  az (7) 
where the distances are normalized with the radius of the tube, a, and P=Va/D, We take the 
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origin at the center of the cell at the eutectic isotherm. The boundary conditions of 
composition and mass balance at the interface are given by: 
K Ga r c; =c,+-z; -- 
m ma 
P Ci (1 - k)cos 8 = 4 . V C  
The boundary condition at the wall is: 
where CE is the eutectic composition and K the dimensionless curvature. 
In order to remove the concentration variation at the interface due to the thermal 
gradient, we consider the boundary condition (Eq. (8)), and define: 
GliZ 
m w = c - c ,  -- 
so that the boundary conditions for w become: 
r 
W. =--K 
ma 
m 
For small Peclet number conditions, Pelce-Pumir [4] and Karma-Peke [6] have shown that 
the above relationship can be approximates as: 
m 
which can be written as: 
C+(I-k) 1 -Vw.n = [ ACE P (c,-c,  -<)I cOse 
I09 
where ACE =C, -C, and VE = VATE/GD, in which ATE =-mAC,.  The undercooling 
ATE represents the maximum undercooling at which cells disappear and only eutectic forms. 
The physical reasoning for the approximation is that the first term in equation (13) is due to 
the flux normal to the interface, which is negligible for finger-shape away from the tip region. 
The contribution to the flux comes from the cap region at the tip where the concentration 
does not vary significantly for small Peclet number so that Ci -Ct. 
C. Analogy with the 3D- Saffmann-Taylor model 
To obtain an analogy with the Saffmann-Taylor problem, we rewrite the boundary 
condition, equation (14) as: 
-V@.n = cos0 
where 
-1  
In terms of concentrations, the above function is: 
The value of 
into equation (I  S), which gives: 
at the interface is obtained by substituting the value of Wi from equation (12) 
The boundary condition at the tube wall, given by equation (1 l) ,  becomes: 
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= O  
For smaH Peclet number condition, the term containing P in equation ( 6 )  can be negIected, so 
that the fieId @ is governed by: 
v2Q> = o  
We thus note that the problem of directional cell growth, given by equations (20), 
(1 8), (1 5 )  and (19) is equivalent to the Saffmann-Taylor problem defined by equations ( 1  -4). 
The value of the dimensionless interface energy parameter,;, which is the control 
parameter for the selection of relative width, is obtained from Eq. (1 9) as: 
We have substituted a = h/2, in which h is the diameter of the tube that is equivalent to 
primary spacing in a cellular array. The value 'of 
C,( l -  k)/(C, -C,)=h(l-k)+C,(l-k)/(C, -C,)can be obtained from the definition of 
dimensionless undercooling, AE = (C, - C,)/[CE - C,], where AE = AT/ATE. Substituting 
this result in Eq. (22) gives the value of y as: 
1 
~,{(l-k)AE+C,(l-k)/(CE-C,)) - 1  
The directional solidification problem is now reformulated to be equivalent to the 
ST-finger problem, so that we can use the results of the 3D Saffmann-Taylor problem 
obtained by Levine and Tu [ 111. The first result is the shape of the interface, which can be 
written in terms of dimensional Z and r as: 
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where p is the principal radius of curvature at the tip, and the origin is taken at the tip of the 
cell, 
The second important conclusion of the 3D-finger model is the existence of steady 
state solutions. In contrast to the 2D model for which steady-state is obtain for any finite 
value of 7, the 3D model predicts four branches in the A-i. space. The upper three 
branches were found to be unstable with respect to tip splitting, and the lowest stable branch 
gave solutions only for the value of larger than 0.0067, as shown in Fig. 7. This stable 
branch predicts the relative width, A, as a function of the interface energy parameter which 
I .O 
0.9 
0.8 
c 
0.7 
0.6 
0.5 
0.002 0.004 0.006 0.008 0.010 0.012 0.014 
Y - 
Figure 7. Relative width of ST finger vs the surface-tension parameter [ l l] ,  
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contains the experimental parameter v. The smallest value of 7 = YO= 0.0067 corresponds 
to the largest relative width of A = = 0.591. The result can be written as 7 = F ( h ) .  
Although 7 can vary over a large range, the variation in the relative width is very small 
when the analogy with the Saffmann-Taylor finger is valid. 
Once the value of i. is determined from equation (23), a unique value of the relative 
cell width is predicted. The value of Y, however, depends on cell tip undercooling, so that a 
relationship between the cell tip undercooling and the relative width is required. 
D. Cell tip undercooling 
We shall now develop an expression for the tip undercooling as a function of the 
relative width by using the procedure given by Karma and Peke [6]  for the 2D case. We first 
consider the concentration field in the liquid far ahead of the interface, i.e. for z > zt, which 
decays exponentially as: 
c - C, = (ct - C,)e-p(z-zl 
We now consider mass balance in which the rate at which solute enters the region 
ahead of the cell in the tube is equal to the rate at which solute is rejected from the sides of 
the cell and that from the curved tip region, which gives 
m 
where the interface composition near the tip region is assumed to be constant at low P values. 
Matching the concentration gradient with that from equation (25) gives: 
I13 
VC,(I-k)+- --=v(c, -cm) ""I m 
The above result can be rearranged to give the dimensionless tip undercooling as: 
Az[C,(l - k)/(C, - C,)]+ (l /vE) (1 -A2 ) 
1 - (1 - k)A2 A E  = 
Substituting the above result in Eq. (23), the control parameter, is obtained as: 
1 = [%I [ - k + VeC, (1 - k) /(CE - c, ) 1 - (1 - k)A2 
The plot of the selection function, numericalfy calculated and plotted by Levine and Tu can 
be curve-fitted to give: = F(A). This gives: 
which gives a transcendental equation relating A with the experimental variables G and v. 
Once the value of A is calculated, the tip undercoohg can be obtained from Eq. (28). 
In the above treatment the reference is taken at the eutectic isotherm and the 
undercooling is normalized with the difference between the liquidus and the eutectic 
temperature. We can also write the results in terms of the planar front as a reference point. In 
this case, Eqs,. (28) and (30) can be written in terms of the planar front reference point 
parameters: v = VATo/GD, and A= ATlATo, in which AT, = mC, (k - 1) / k . Substituting 
vE = v (ATE/ATo) and AE = A (ATo/ATE), and simplifying, we obtain the two main results 
as: 
7=[%][  1 - ( I  - k)A2 ] = F(A) 
Gkh2 v-1 
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and 
kA2 + ( l h )  (I - A2 ) 
1 - (1 - k) A’ A =  
The above expressions are analogous to those for the 2D case [ 5 ] ,  except that A in 2D 
is replaced by A2 in 3D, and a factor of 4 in Eq. (31) comes from the radius of the sample. 
These equations, along with Eq. (24) for the shape of the cell, will be used for comparison 
with the experimental results. 
4. Discussion 
Experimental results are presented for the growth of a single ceI1 ahead of the eutectic 
interface for directional solidification in capillary tube of 50 pm radius. A theoretical model, 
based on the anaIogy with the 3D Saffmann-Taylor finger was developed. The following 
aspects were investigated: (1) shape of the cell; (2) experimental conditions for which the 
shape matched with the predicted shape; (3) cell tip undercooling; and (4) an examination of 
the data with the steady-state finger growth, as predicted by the Levine-Tu model. Of the 
total of 21 experiments, only three experiments .at very low velocities showed excellent 
match with the Saffmann-Taylor finger. This discrepancy will be examined and the 
modification in the model will be given. 
A. Shape of the cell 
The shapes of the experimental cells were compared with the prediction of the model 
based on the analogy with the 3D Saffmann-Taylor fingers. Figures 2-4 show that for 
experimental conditions just above the critical velocity for planar front instability, a very 
good agreement is obtained with the theoretically predicted Saffmann-Taylor shape. However, 
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the shape begins to deviate as the velocity is increased or the gradient is reduced. At higher 
velocities, the tip region becomes parabolic so that the cell growth solution changes from the 
ST branch to a parabolic branch. 
B. Tip undercooling 
We first examine the tip undercooling expression given by the 3D-ST model, given 
by Eq. (32), which can be written as: 
A =i[ 1 - (1 - kv )A2 ] 
v l - ( l -k)A2 (33) 
The relationship, A = (lh), was predicted by Bower et a]. (BBF) [13]. Since v = V/V,, 
the term in the large bracket is positive, a larger undercooling value is predicted compared to 
the BBF model. Equation (33) shows that the BBF model is the limiting case when k 
approaches zero or n approaches unity, i.e. close to the planar front instability condition. A 
significant deviation would be present for larger values of k. The experimental measurements 
of the interface undercooling as a function of velocity is plotted in Figs. 8(a) and 8(b) for 
SCN-9.6 wt% camphor, directionally solidified at G = 4.75 and 4.16 Wmm. The 
experimental undercooling values for both these conditions are significantly larger than those 
predicted by the BBF model, and this is due to a larger value of k, k=0.3, in this system. The 
experimental values are also a little higher than those predicted by the 3D-ST model. Note 
that only at one condition, which corresponds to that at the lowest velocity in Fig, 8(a), the 
shape of the cell matches with the ST shape, as shown in Fig. 2. The experimental data are 
also plotted in Fig. 9 against l/v to see the difference with the BBF model. 
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Figure 8: Experimentally measured undercooling as a function of velocity, and theoretically 
predicted undercooling using the 3D Saffmann-Taylor analogy. The undercooling predicted 
by Bower et al. [ 121 are also shown as BBF, SCN-9.6 wt% camphor with (a) G = 4.75 K/mm, 
and (b) G = 4.16 Wmm. 
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Figure 9: The variation in non-dimensional tip undercooling, A, with the dimensionless 
parameter, l/v, for SCN-9.6 and SCN-13.0 wt% camphor. Theoretical results for the 3D-ST 
model and the BBF models are also shown for comparison. 
C. Reiative Width 
When the cell shape fits the ST shape, the cells are considered to belong to the 
Saffman-Taylor (finger) branch and we can directly obtain the relative width as a function of 
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the interface energy parameter by using equation (3 1). The experimentally measured relative 
width is plotted against 7 in Fig. 10. The solid line is the rdationship predicted by Levine 
and Tu [ll], which may be slightly shifted due to the presence of interface energy anisotropy 
[14]. It is seen that only three data points show a good match, and these three points 
correspond to the conditions for which the cell shapes were observed to fit the ST shape, as 
indicated by the shape ST-finger in Table 3. 
0.75 
0.70 
0.65 
0.60 
0.55 
-- -----a 
T L I 
€ 
1p 
0.000 0.005 0.010 0.015 0.020 0.025 
Figure 10. A comparison of the experimental results on the relative width with the results of 
the Levine-Tu model (solid line). The relative widths are calculated at the eutectic front. 
Filled and open circles are data points for SCN- 13.0wt% and -9.6wt% camphor respectively. 
Red symbofs represent the obtained cellular shapes that comply with the 3D ST equation and 
blue symboIs are for the cellular structures that do not fit with the 3D ST equation. 
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For the most of the experiments, the finger shape does not match with the ST shape, 
as shown in Fig. 5. In these cases the lengths of the cells were larger, and the Scheil effect 
behind the cell was not negligible. The width of the cell at the eutectic front was larger than 
that predicted by the ST finger shape. As the velocity was increased, the shape of the tip 
became parabolic, as seen in Fig. 6 .  One thus considers the cells to belong to a “dendrite” 
branch [14]. In this case there is no longer a direct access to A, which becomes an effective 
or “hidden” parameter. In the 2D case, the relative width depends on the ratio of tip radius 
and spacing, (p/h) as [ 15, 161 : 
A = 2 / [(l + 4h/np)’” + 11 (34) 
and the value of A is caIculated from the experimental measurements of p and A. In 3D, we 
may use a similar approach by examining the 3D shape equation given by Levine and Tu [l 11 
in the dimensional form: 
2 =-In cos- 
C ( :) (35) 
The value of c can be related to the tip radius by taking the second derivative of z [8], which 
gives c = (n‘ p)/(2hA2) or cA = (n2 p)/(2hA). The relative width thus depends on c and 
(PA) as: 
A = (n2 / 2c)”* ( ~ / h ) ” ~  (36) 
This equation gives relative width A as a function of (p/h) and the parameter c. Levine and 
Tu [ 1 1 J have derived a relationship between the parameter c and A which, for zero surface 
tension condition, is given by: 
Jo(cA) - [JI(c) / Y~(c)l Yo(cA) = 0 (37) 
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The value of c as a function of A is calculated numerically and substituted in Eq. 36 to 
obtain a relationship between A and p/h, and the results are shown in Fig. 11. Since h is 
fixed by the diameter of the sample in our experiments, A is related to the tip radius, p. For 
practical use, this relationship can be approximated by using the curve fit, as: 
- _  ’- -0 .3762h 
h n(1-A) 
Using the experimental vaIues of p and h, the corresponding values A are calculated, 
which are in turn substituted in Eq. (31) to obtain the corresponding values of the interface 
energy parameter. The calculated values are listed in Table 4 and 5 ,  and the results of the 
experiments are p.Iotted as Ac versus 7, in Fig. 12. The value of the relative width is 
constant at high y,values, which correspond to the Saffmann-TayIor branch, while it 
decreases as 7, is decreased. This is predicted by Ben Amar [14], who showed that the as is 
- y, is decreased, a transition from the Saffmann-Taylor branch to a parabolic branch occurs 
when anisotropy in interface energy is taken into account in the model. 
The expression for the tip undercooling, developed for the condition of the validity of 
the ST mode1 in Eq. (31), can be modified by using the effective relative width. Using the 
relationship between the effective width and the spacinghip radius ratio, one can relate the tip 
undercooling with spacing, tip radius and experimental parameter. v. This is done by 
eliminating A between the following two equations. 
kA2 + (Uv) (1 -A* ) 
1 - (1 - k)A2 A =  
-= -0.3762A 
h n(1-A) 
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Figure 11. The variation in the relative width, A, with (p/h). 
0 0.005 0.01 0.015 0.02 0.03 
7 
Figure 12. The variation in relative width with the interface energy parameter. The relative 
width is calculated by using the cell cap shape. 
122 
V CS at tip 
Pnfs 
0.15 0.09 
0.20 0.43 
0.30 1.01 
0.40 1.59 
0.50 2.13 
0.60 2.6 1 
0.8 1 3.60 
1.01 4.67 
(V/V,) (kCi KO) - 1 
Table 4: Summary of relevant parameters 
YLT 
with A, 
0.01 so 
0.00975 
0.005 10 
0.00346 
0.0026 1 
0.00208 
0.00149 
0.001 14 
CO = 9.6 wt % and G = 4.75Wmm 
YLT 
with A, 
V 
pm/s 
AC YLT 
Cell shape 
with A, 
0.15 
0.20 
0.30 
0.40 
0.50 
0.60 
0.805 
t .O1  
0.029 
0.26 I 
0.80 I 
1.26 
1.71 
2.10 
3.06 ~ 
~ 3.90 
0.0229 
0.0109 
0.00552 
0.00364 
0.00272 
0.00212 
0.00 153 
0.001 17 
0.594 
0.555 
0.532 
0.528 
0.409 
0.400 
0.365 
0.362 
V 
pm/s 
Cs at tip 
(V/V,) (kCi /CO)  - 1 
0.125 
0.15 
0.20 
0.30 
0.50 
0.42 
0.63 
1.12 
2.06 
3.47 
0.56 
0.535 
0.53 
0.525 
0.407 
0.396 
0.389 
0.365 
YLT 
with & 
0.0229 
0.0 122 
0.0064 
o.0043 
0.00355 
0.00286 
0.00209 
0.00 163 
Cell shape 
Finger 
Pinger 
Pinger 
Pinger 
Parabola 
Parabola 
Parabola 
Parabola 
YLT 
with A, 
0.0195 
0.0112 
0.00606 
0.004 16 
0.00345 
0.00280 
0.00204 
0.00160 
~~~ 
CeIl shape 
Finger 
Finger 
Finger 
Finger 
Parabola 
Parabola 
Parabola 
Parabola 
0.0 133 
0.0 107 
0.00642 
0.00385 
0.0021 1 
0.59 
0.578 
0.574 
0.43 1 
0.385 
0.0133 
0.0107 
0.00706 
0.0048 1 
0.00276 
Finger 
Finger 
Finger 
Parabola 
Parabola 
123 
Table 5. Relative width and tip radius to spacing ratio for cell cap model 
A 
2.0000E-0 1 
3.0000E-0 I 
4.0000E-0 1 
5.0000E-0 1 
6.0000E-0 1 
6.3000E-0 I 
6.7000E-0 I 
7.0000E-0 I 
7.3000E-0 1 
7.7000E-0 1 
8.0000E-0 1 
9.0000E-0 1 
p/h 
1 .1445E-02 
3.1 898E-02 
7.01 95E-02 
1.3790E-01 
2.5781E-01 
3. I 037E-0 1 
3.987OE-01 
4.8317E-01 
5.8897E-01 
7.777 I E-0 1 
9.7307E-01 
2.5228E+OO 
5. Conclusions 
Benchmark experimental studies are carried out to examine the shape and selection 
of relative width and tip temperature of directional solidification cells. A critical experimental 
set-up is designed to achieve the following: (i) a single three-dimensional cell is produced in 
a capillary sample; (ii) in situ observations of the cell shape; (iii) the growth of cells under 
diffusive conditions in capillary samples; and (iv) the presence of eutectic behind the cell to 
reduce the Scheil effect. A theoretical modei, based on the analogy between the ceIls and 
3D-ST finger was developed. Experimental results show a good agreement only within a 
very narrow regime of growth conditions. When the shape of the cell deviates from the 
ST-shape, the analysis was modified. An effective relative width was defined and calculated. 
The results were shown to change systematically from the ST branch to the parabolic branch 
as the interface energy parameter was decreased. 
The tip temperature variation with velocity and thermal gradient was predicted from 
the model. It wits shown to be significantly different from the model of Bower et al. (BBF) 
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[13]. The BBF model gives the results only in the limiting case when the solute distribution 
coefficient, k, approaches zero. Experimental results in the SCN-camphor system showed 
significantly larger tip undercooling that that predicted by the BBF model, but were closer to 
the model based OR the three-dimensional ST analogy. 
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CHAPTER 5. CELL-DENDRITE TRANSITION IN SUCCINONTRILE 
(SCN)-CAMPHOR ALLOYS 
A manuscript to be submitted to Metallurgical and Materials Transadions A 
Jing Teng’, Shan Liu2 and R. Trivedi’.27 *
Abstract 
Systematic experimental studies have been carried out to investigate the transition 
from cells to dendrites during the directional solidification of succinonitrile (SCN) -camphor 
alloys. This transition is not sharp, but occurs over a range of velocity or thermal gradient, 
and the diffuseness of the transition is closely related to the existence of a range of primary 
spacings. Within the transition zone a critical spacing, hcd, is present where a cell changes to 
a dendrite, and this critical spacing is shown to depended on alloy composition C,, 
temperature gradient G and growth velocity V as hcd (GV)”3C,1’4=9.92(DT)’/3 pm ( W S ) ” ~ ,  
where D is the solute diffusion coefficient in the liquid and r is the Gibbs-Thornson 
coefficient. The results of the present study are then synthesized with those in the SCN-salol 
and SCN-acetone systems to assess the effect of system properties on the cell-dendrite 
transition. The shape of the tip region shows three distinct regimes: a deep cell regime in 
which the tip radius scales linearly with the local primary spacing; a well-developed dendrite 
Dept. Materials Science and Engineering, Iowa State University, Ames, IA, 5001 1 ,  U.S.A. I 
2Materials and Engineering Physics Program, Ames Laboratory-USDOE, Iowa State 
University, Ames, IA, 5001 1, U.S.A. 
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regime in which the tip radius is independent of the local spacing; and a transition regime in 
which the tip radius increases nonlinearly with the local spacing. For a cellular dendrite, a 
long wavelength instability is found and expIained on the basis of noise-induced instability at 
a dendrite tip. 
(Keywords: Directional solidification, dendritic growth, interface instability, succinonitrile) 
I. Introduction 
Fundamental studies on the cell-dendrite transition (CDT) during directional 
solidification are still lacking though the initial studies on this morphological transition were 
published more than 50 years [ l ,  2, 33. A precise characterization of the transition condition 
has been difficult because of several complexities: (1) convection is always present in the 
solidification process of a bulk sample which causes the composition inhomogeneity 
macroscopically; (2) cells and dendrites co-exist over a wide range of growth conditions so 
that no well-defined boundary can be easily delineated; (3) system parameters are generally 
not known, which complicates the verification of modeling with experimental observations. 
The transitions from a planar to non-planar interface and that from a non-planar to 
planar at high velocity have been well-established since these transitions have been found to 
be sharp so that specific relationships between the velocity, V, thermal gradient, c j  and alloy 
composition, CO, are observed for these two transitions. In contrast, the transition from 
cellular to dendritic microstructure at low velocity and the reverse transition from dendrites 
to cells at high velocity have not been properly characterized. Early attempts assumed the 
transitions to be sharp and proposed a criterion for cell to dendrite transition in terms of 
experimental variables C; V and CO. For example, the cell to dendrite transition was 
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‘predicted at V = GD/mCb(k -1) in which D is the soiute diffusion coefficient in the liquid, 
k is the equilibrium distribution coefficient of the solute and m is the slope of the liquidus. 
Tewari and Laxmanan [43 compared all published experimental results with different 
theoretical models based on a sharp transition, and concluded that no model could explain all 
experimental result. 
An important contribution to the cell-dendrite transition (CDT) was made by 
Georgelin and Pocheau [ 5 ]  and Trivedi et al. [6] ,  who examined this transition in thin 
samples of transparent materials in which details of the transition can be visualized in situ. 
They showed that the transition is not sharp, but occurs over a range of experimental 
conditions such as velocity or thermal gradient, and both celIs and dendrites coexist in this 
transition regime. It was shown that CDT is not a collective behavior for array growth; rather 
it occurs locally such that a specific cell in an array develops sidebranches when its local 
spacing exceeds some critical value. From detailed experimenta1 studies in the succinonitrile 
(SCN) - salol system, Trivedi et a]. [6] made the following conclusions. ( I )  The diffuse 
transition can be described by two Iimits; the start of the transition ( G / Q a d  and the end of 
the transition, (G/V),,d. For (G/V) <(G/V),taTt, only cellular structure is present, whereas for 
(G/V) > (G/V),,d, only dendritic structures are present. Between these two limits, both 
cellular and dendritic structures are found to coexist. The range of (G/V) where the two 
structures coexist was found to depend on composition. (2) Within the transition zone, the 
instability occurs when the local spacing approaches a critical cellular spacing, hc, which was 
shown to be related to the growth parameters as: h, a (GV)-1’3. 
The aim of the present study is three-fold. (1) To establish if the scaling law between 
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the critical spacing and cooling rate is not specific to a given alloy system. The experimental 
study of CDT is extended to the SCN-camphor alloy system, along with the analysis of the 
results available in the literature in other binary alloy systems. (2) To examine the effect of 
system parameters on the CDT. (3) To establish the mechanisms in the cell-dendrite 
coexistence region by the quantitative study of the changes in morphologies such as the 
primary spacing, the tip shape and tip radius in the transition zone. Based on the 
experimental results in several systems and on the mechanism in the transition zone, a more 
definite criterion for the cell-dendrite transition WiIi  be developed. 
XI. Experimental 
SCN-camphor alloys were selected for this study since the dynamics of pattern 
formation can be observed in-situ and the relevant thermo-physical properties of this system 
have been determined fairly accurately. SCN was purified by distillation under vacuum and 
multi-stage zone refining. Camphor was purified by sublimation under vacuum. AIIoys 
containing 0.035, 0.35, 0.65 and 0.9wt% camphor have been used since a dilute alloy offers a 
wider range of growth conditions where celI/dendrite coexisting microstructure may evolve. 
An alloy of specified composition was prepared in a glovebox filled with dry 7-42 and infused 
into rectanguIar glass tubing for directional solidification. The inside dimension of the tubing 
was 300 mm (length)x4.O mm (width)x0.2 rnm (thickness). The thickness of the sample was 
taken to be the same as in the earlier studies in SCN-salol system [6] to minimize the effect 
of thickness on the transition, 
The crystallographic orientation of the solid was pre-selected such that a (1 00) plane 
was parallel to the top surface of the glass tubing and one <loo> direction was aligned along 
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its length. The orientation is crucial for this study since the instability developing near the tip 
region needs to be clearly observed, and to ensure that the effect of anisotropy in interface 
energy that could influence CDT is kept the same. 
Due to the limited width of the sample, a dummy glass tubing of the same dimension 
was placed on each side of the sample to minimize the lateral heat flow. The three-tubing 
bundle was sandwiched between two glass plates so as to minimize the effect of possible air 
flow in the experimental setup. 
A temperature gradient stage (TGS) was used for the directional solidification process. 
The sample was moved through a linear translation system driven by a computer-modulated 
step motor and the velocity was varied from 1 .O to 25.0 p d s ,  though some higher velocities 
were also used for SCN-O.O35wt%camphor alloys. The temperature gradient (G) can be 
varied by adjusting the gap between the hot and cold block and/or adjusting the temperature 
settings. The values of temperature gradient for this study were in the range of 1.28 to 6.03 
Wmin. The TGS was mounted on a stage of an optical microscope and the experimental 
process was monitored through an imaging system and recorded by a high-resolution digital 
camera. The whole setup was placed inside a glovebox with feed-throughs for electrical 
connections, liquid and dry Nz. 
111. Experimental Results 
We start with the general observation of microstructures developed in alloys of 
different compositions and then focus on the transition region where cells and dendrites 
coexist in an array. 
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3.1. Microstructural observations 
In order to find the parameter space where cellddendrites may coexist, directional 
solidification experiments were conducted over a wide range of compositions, growth 
velocities and temperature gradients. The observed morphologies are summarized in Fig. 1 as 
microstructure maps. For SCN-0.035wt% camphor, planar front growth could be easily 
achieved and no dendrites were observed for the experimental conditions shown in Fig. l(a). 
The morphologies observed in SCN-0.35, 0.65 and 0.9wt%camphor alloys are summarized 
in Figures l(b) - I(d). The highest velocity was set at 21.2 pm/s since the well-developed 
dendritic morphologies were observed in all the alloys at all temperature gradient conditions 
used in this study. As expected, an increase in growth velocity at a fixed thermal gradient 
changed the interface pattern from cellular to dendritic, and this change occurred over a 
range of veiocity or thermal gradient, as seen in Fig. 1.  
Consider now the interface morphology as a function of velocity for fixed values of 
the thermal gradient and alloy composition. When the interface veIocity is just above the 
planar interface instability condition, low-amplitude cells are formed along the interface. 
Continual increase in velocity gives rise to complex cellular patterns consisting of doublets, 
multiplets and deep cells [7, 81, which finally transform to deep ceIIs only, as shown in Fig. 
2(a). in this paper, we shall focus on the deep cell to dendrite transition only, and the 
multiplet formation in SCN-camphor alloys will be presented separately. 
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Microstructure Map (0.65wt% Camphor) Microstructure Map (0.9wt% Camphor) 
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A a. e . A 0 
E 
0 0 
0 2 4 6 E i o  12 
Velocity (pm/s) 
Figure 1 .  Microstructure map for four alloy compositions grown at different temperature 
gradients and velocities. Open squares 0, filled dots *, open triangles A and open dots o 
represent the planar front growth, purely cellular morphology, cell/dendrite coexistence, and 
purely dendritic morphology respectively. 
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Figure 2. CeWdendrite patterns in SCN-0.35wt%camphor (G=4.39K/mm) (a) V=7.4 1 prn/s; 
and (b) V=13.23 pm/s. 
When the velocity is increased further, cell to dendrite transition is observed, as 
shown in Fig. 2(b). This transition will be characterized as the onset of sidebranches. In order 
to properly characterize the CDT in a thin sample, it is critical to control experimental 
parameters such that the primary spacing is compatible with the thickness of the sample. 
Three different cases may arise depending on the relative magnitudes of the sample thickness, 
d, and the primary spacing, hl, and they are: (i) d>>hl; (ii) d-hl; and (iii) d<<h]. The sample 
thickness is generaIly fixed, 200 pm in the present experiments, while the primary spacing hl 
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varies with growth conditions, which restricts the range of experimental parameters for 
which desirable ratio can be maintained. 
First consider the case where d >> 11, where two or more layers of crystals form in 
the sample, which may not be appropriate for the present study. Two layers were observed in 
the SCN-0.035 .wt% camphor, as shown in Fig. 3(a), in which the top layer is slightly 
dendritic but the bottom layer clearly consists of deep cells. Multi-layer growth makes it 
difficult to observe the dynamic transition from cells to dendrites so that higher compositions 
of camphor, viz, 0.35, 0.65 and 0.9wt% camphor, were selected for this study, and the 
temperature gradient was set at 1.36, 2.38, 3.36,4.39 and 6.03 Wmm. 
The desired case for the present study is d - hl, where a celI/dendrite grows in a three 
dimensional manner for both the tip shape and for spacing selection. A single layer will 
generally form when d < 2hl. When hl < d < 2x1, a single layer of crystal growth may occur 
but the instability may develop in the vertical direction rather than in the lateral direction, 
such as shown in Fig. 2(b). In this case the critical spacing for the CDT is d instead of AI. 
Since instabilities in the vertical and horizontal direction are governed by the same physics, 
we only consider those in the horizontal plane in this study since these instabilities are much 
easier to resolve and can be measured accurately. The microstructure map in Fig. 1 is 
constructed from the observation on the lateral instability in the horizontal plane. 
For the third case, d<<hl, instability may develop in the horizontal plane only, as 
shown in Fig. 3(b). The average spacing here is -645 pm, but the sample is only 200 pm 
thick, therefore no instability forms in the vertical direction. However, it has been shown 
theoretically as well as experimentally that the microstructures and microstructural scales are 
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significantly altered when d << h, [9]  so that the CDT condition may also be influenced in a 
very thin sample. For SCN-0.65 wt% camphor and SCN-0.9 wt% camphor alloys the 
morphology is always dendritic for G=l.36K/rnrn, within the velocity range examined. These 
results clearIy show that at this low thermal gradient value the spacing becomes much larger 
than the sample thickness, which changes the conditions for microstructure selection. If the 
primary spacing is larger than the sample thickness, the experimentally observed spacing is 
larger than a naturalIy selected one due to the spacing constraint [ 10, 1 11. Since the thickness 
of the sample used in this .study is 200 pm, experimental spacing data much larger than 200 
prn will not be used for the analysis of the resuIts. The effect of thickness on CDT is 
discussed in the Appendix. 
(1)) 
Figure 3. Interpice morphology of (a) SCN-0.035wt%complior (G-l.36K/mm, V=2 1.2 p d s ) ;  
and (b) SCN-0.65wt%camhpor (G=l.36K/mm, V=0.5 I pm/s) in a 200 pin thick sample. 
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3.2. Primary spacing 
The variation in primary sp wn in Fig. 4. In this figure, the 
filled symbols represent the average spacing and the bars show the range of spacing observed 
in a given celVdendrite array. The transition from one pattern to another is not sharp, and the 
diffuse nature of the transition arises from the existence of a range of primary spacing [5, 6,  
123. One can see from Fig. 4 that the maximum spacing of deep cells is almost the same as 
the minimum dendrite spacing, indicating that a cell with a Iocaliy large spacing has a 
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Figure 4. Variation in primary spacing with growth velocity for SCN-0.35wtYocamphor 
(G=4.39Wmm). Filled circles are for shallow cells, inverse triangles are for deep cells and 
the fiIled squares are for dendrites. 
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tendency to transform to a dendrite. There are a few cases where a sharp transition from cells 
to dendrites may be possible [13, 241. A thinner sample makes the growth occur in a nearly 
2D configuration and the step jump of primary spacing from cells to dendrites is rather steep, 
which favors a sharp transition. It is also reported that if a uniform primary spacing could be 
obtained through some external means, CDT would be global and collective [6 ] .  
3.3. Cell-dendrite transition 
Measurements in the SCN-0.65W%camphor alloy wiIl be presented first. Figure I 
shows the effect of composition, velocity and thermal gradient on the cell/dendrite 
coexistence regime. In this coexistence regime, there exists a critical primary spacing (&) at 
which a primary arm just starts to develop instabilities at the sides, so that deep cells are 
stable if h< h c d ,  and dendritic growth takes over when. D hc+ The critical spacing was 
measured experimentally, and the results are shown in Fig. 5 for different conditions of 
composition, thermal gradient and velocity. The critical spacing for CDT is found to decrease 
as the velocity or the thermal gradient is increased. Similar qualitative observations have 
been reported in SCN-salol, SCN-acetone, PVA-ethanol and impure SCN samples [ 5 ,  14, 
15-22]. For more concentrated alloys, CDT occurs over a smaller velocity range since a 
higher composition shifts the velocity for morphologica1 transition to a lower value. It should 
be noted that for SCN-0.35wt%camphor, cells and dendrites can still coexist even for 
G=l.36K/rnm. 
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Figure 5.  Variation iii the critical primary spacing (hcd) for the cell to dendrite transition in: 
(a) SCN-0.65wt%camphor, (b) SCN-O.35wt%camphor and (c) SCN-O.Bwt%camphor, 
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3.4, Length scale variation in the ceWdendrite coexistence regime 
In a purely cellular region, it has been shown that the tip radius is closely related to 
the locaf primary spacing so that the non-dimensional shape scaled with the local spacing is 
invariant in a cellular array [12, 231. On the other hand, the shape invariance breaks down 
once dendrites start to appear in an array [12,24]. Therefore quantification should be carried 
out for each primary tip together with its side instabilities and the local primary spacing. We 
have thus measured the cell/dendrite tip radius (p), local spacing and the initial side arm 
spacing (12') in the transition zone for different growth conditions. 
A dendrite tip usually assumes the shape of a paraboloid of revolution so one can fit 
the digitized tip with a parabolic equation in order to obtain the tip radius value. However for 
cells, the tip shape varies from a semi-circle in the shallow cell regime to approximately 
parabolic in the deep cell region. Georgelin and Pocheau [25] discussed in detail how to 
measure the tip radius of a cell and concluded that fitting it to a parabolic equation was the 
most appropriate method. 
In practice, two slightly different procedures were employed to fit a deep cel1 tip to a 
parabola. One is to digitally magnify a tip and match it to a standard parabola constructed 
with a known tip radius. This is equivalent to the traditional way of projecting a negative film 
to a standard parabola on a whiteboard [lS]. The other method is to use image processing 
software to pinpoint the boundary of a tip and then to fit the data sets into a paraboIa equation. 
Both methods produce tip radius data that match closely for a dendrite tip; but for a cell tip, 
they may generate fairly different results since the parabolic region is not quite large and the 
direct rnagnification/projection method may become rather subjective. For a cell tip, we thus 
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used the linescan method to obtain the boundary of a cell tip. In order to minimize the error 
in determining the boundary, a radial linescan, with one end of the line fixed at -1p behind 
the tip along the symmetry axis, was used at 1 increment counterclockwise, 
Figure 6(a) shows the tip radius variation with the local spacing for 
SCN-0.65wt%camphor grown at V=5.29prn/s and G=4.39K/mm. In the array growth, deep 
celIs are stable for the local spacing 9241403pm;  whiIe perturbations start to appear on the 
primary spines with a local spacing hcd=103.5ym. In the deep cells regime, the invariant 
non-dimensional shape is found to hold (dashed line in Fig. 6(a)). If the local spacing is >150 
pn, the tip radius no longer depends on the local spacing, indicating dendrite regime in 
which the solutal interaction between the adjacent growing tips becomes negligible and the 
growth of each tip becomes isolated. In the transition zone where the local spacing varies 
from 103 to 150 pm, the tip radius increases with the local spacing, indicating that the tip 
growth is constrained by a small focal spacing for which some solutal interaction is present 
and the dendrite is not well developed. We denote a dendrite in this region as a cellular 
dendrite to distinguish it from a well-developed one. 
Detailed measurements of the wavelength of the initial instability were also carried 
out since the value of the scaling constant with the tip radius depends on the anisotropy in the 
interface energy in the system. These results are shown in Fig. 6(b). In the well developed 
dendritic regime, the ratio is found to be: A: / p  = 1 -95 rtl0.15, while in the region of cellular 
dendrites, this ratio decreases from -2.70 to I .95 as the local spacing increases from 103 to 
150 pm. This type of long-wavelength instability has already been observed in the growth in 
a capillary sample [ l  1,261 and is therefore believed to be an intrinsic growth behavior when 
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a tip is constrained to a smaller space. 
Extensive solidification studies in several transparent binary alloys have shown that 
rZ /p  depends on the anisotropy in interface energy and it is directly related to the 
anisotropy parameter, €4, as summarized in TabIe I .  The genera1 trend is that a substance with 
a larger ~4 has a larger value of hz0/p for both the thermal and solutal dendrites. For dilute 
SCN-camphor alloys in the present study, nearly the same value of bO/p  is obtained as in 
dilute SCN-acetone alloys that strongly indicates that these two binary systems should have a 
comparable vaIue of €4. 
I. 
2. 
3. 
4. 
5. 
6. 
7. 
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IV. Discussion 
We will first analyze the CDT data in SCN-camphor alloys of different compositions, 
growing under different growth conditions, to obtain the condition for the onset of the CDT. 
We shall then discuss the shape evolution in the coexistence regime based on the 
noise-induced side-arm generations. The results in the SCN-camphor system will finally be 
compared with those in other SCN base alloy systems, such as SCN-salol and SCN-acetone. 
4, I .  Cell-dendrite transition in SCN-camphor alloys 
The cell-dendrite transition was shown to depend on the critical local spacing, h c d ,  
where sidebranches become stable, and this critical spacing was found to depend on 
composition, velocity and thermal gradient. The characteristic length scale of the critical 
spacing can be expressed in terms of the following three characteristic lengths [26,27]: (i) 
Solute diffusion length, lo (=D/V), (b) thermal length, IT (=ATdG), where AT0 = mC, (k-l)/k 
in which m is the slope of the liquidus and k is the solute distribution coefficient, and (iii) the 
capillary Iength, do (=r/AT& where r is the Gibbs-Thomson coefficient, The critical spacing 
for CDT may be expressed as 16,261: 
= f (M-4Y3 
where f is a dimensionless pre-factor that contains the composition effect, Substituting the 
values of the characteristic lengths, we obtain: 
In order to check this relationship, critical spacing is plotted against the cooling rate, 
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GV, in Fig. 7 for three different compositions examined in this study. For each composition, a 
slope of -( 1/3) is obtained. Also, at the same cooling rate (GV), the critical spacing for CDT 
becomes smaller for a more concentrated alloy. The value of the function f(C0) for each 
composition can be obtained from this plot and it is found to correlate with composition by 
the expression: 
f(C,) = 9.92C,"4 m.31 
The critical spacing for CDT in SCN-camphor system can thus be expressed as: 
The units of spacing, temperature gradient, velocity and composition in the above equations 
are pm, Wpm, pm/s and wt%, respectively. If other units are to be used, the value of the 
constant needs to be adjusted. 
2.4 1 
SCN-O.35wt0/ocamphor 
o SCN-O.GSwt%camphor 
A SCN-0.90wtO/ocamphor 
1.5 ! , I I 
-3 -2.5 -2 -1.5 -1 
log(CV, €us) 
Figure 7. Relationship of the critical spacing for CDT with the cooling rate (GV) for three 
alloy compositions. 
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The expression for the critical spacing in the SCN-acetone system has also been 
found to be the same as eq. 4 [14, 161, except for the value of the constant that is 7.63 rather 
than 9.92. The relationship between the critical spacing and the controllable parameters (G 
and V) is also found to be the same in the SCN-salol system [6 ] ,  except for the function f(Co), 
which is found as: f(C0) = 10.8 Ci'. These differences will be examined in a later section. 
4.2. Cell-dendrite transition condition 
One of the key aspects of the transition is that cells and dendrites coexist over a range 
of velocity or thermal gradient. Within this transition zone two important changes occur: ( I )  
the fraction of cells in an array goes from one to zero, and the fraction of dendrites goes from 
zero to one. (2) The shape of the tip region changes from a somewhat broader tip to a sharp 
parabolic tip as cells transforms to dendrites. 
The transition zone occurs due to the presence of a range of stable spacing for celIs 
and dendrites. For steady state growth of purely cellular or dendritic arrays, there exists a 
stable range of primary spacing that follow a normal distribution. The maximum cell spacing 
119, 281, However, is about 1.5 times larger than the minimum cell spacing 
in the regime of cell/dendrite coexistence, the range of stable spacing changes for cells and 
dendrites since any cell spacing larger than h,d will be unstable and form dendrite. The 
minimum spacing in the array will correspond to that for the deep ceIIs, the maximum 
spacing will correspond to that for dendrites, and the maximum cell spacing and minimum 
dendrite spacing will correspond to h c d .  
The range of stable spacing in the transition zone will now be examined by 
considering the experimental results in SCN-0.35 wt% camphor alloy, solidified at 
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G=4.39Wmm (Fig. 4). When the velocity is increased from 10.6 pm/s to 13.0 pm/s, the 
maximum to minimum cell spacing ratio decreases from 1.38 to 1.31, while that for the 
dendrites increases from 1.28 to 1.337. These results show that the ratio of the maximum to 
the minimum cell spacing will vary from 1 S at the start of the transition and decrease to one 
at the end of the transition. In a similar manner, the ratio for the dendrites will increase from 
one to 1.5 in the transition zone. Also, the fraction of cells in an array will change from one 
to zero in the transition zone, and the fraction of dendrites will change from zero to one, Thus, 
at the start of the transition region, only one dendrite has formed, while at the end of the 
transition all cells, except one, have transformed to dendrites. We now use these results to 
determine how the velocity and temperature gradient influence the spacing range for cells 
and dendrites, and characterize the effect of V and CO on the start of the transition regime. 
Figure 8(a) schematically shows the effect of V at constant G and CO, and Fig. 8(b) 
shows the effect of G at constant V and CO. First consider the eflict of velocity on the 
transition regime by examining the variation in spacing versus velocity in the three different 
regimes: cellular, dendritic and the transition regime, as shown in Fig. 8(a). The main 
assumption we make is that the minimum stable cell spacing in the transition zone is given 
by the same expression as that in &e purely cellular regime, and this relationship is shown in 
Fig. 8(a) by the line hc,min. This assumption is reasonable near the onset of the transition, but 
not close to the end of the transition where only one or two cells are present, which will 
influence the spacing for the cell elimination and thus alter the hc,min line. Next, the variation 
in h,d with V, given by eq. (4) is plotted. In the transition regime, onIy those cellular spacing 
that lie between hc,min and A,, will be stable, and these are shown by a shaded region. 
147 
Cell 
-1/3 
I 
I 
I 
I *. 
I *-. I 
I i hcqrnin - ;2.; 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I I CelVdendrite coexistence Dendrite 
Dendrite I CeWdendrite coexistence i Cell 
4 1 1- h. F b 
r 
Figure 8. Schematic showing the morphological regimes and the range of spacing variation 
for cells and dendrites, 
148 
Under the same growth conditions, dendrite spacing is slightly larger than cell 
spacing [21] due to the presence of sidebranches, so that the lower limit of dendrite spacing 
is close to the upper limit of cell spacing, Thus, at the onset of transition the minimum 
dendrite spacing will be only slightly larger than 1,5&,in and it will be close to h c d  in the 
transition zone. Experimental results have shown that the difference in spacing between 
dendrites and cells is negligible for the same experimental condition. We may thus obtain the 
condition for the start of the transition, or the lower limit of transition, by equating 1.5 hc,min 
with A,, . For &in, the following expression derived by Hunt [29] can be used 
h,,,,in = (64Dr)"4(m(k - l)y" Cb/4VV-"4G-1'2 
where k is the solute distribution coefficient and m is the slope of the liquidus. Equating 1.5 
3Lc,min with A,, equation we obtain the critical condition for the onset of the transition as: 
This transition condition can be written in terms of characteristic lengths as: 
[ y]  = cons tan t (eq. 7) 
where the value ofthe constant for the SCN-camphor system is k3C:/(3.10x104) 
For an ideal case, the primary dendrite spacing wilI be close to the maximum cell 
spacing only at the onset of transition. The minimum spacing at the end of the transition zone 
will be close to the maximum cell spacing, and the maximum dendrite spacing will be 1.5 
times the minimum dendrite spacing. The ideal case shown in Fig. 8 predicts that the ratio 
A ~ ~ ~ ~ J A + ~ ~ , ~ ~ i ~  should always be 1.5 since the two bounding lines are parallel. As we discussed 
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earlier, the experimental observations show this ratio to be larger than 1 S O  in the coexistence 
regime. This is due to the deviation in the shape of the dendrite tip in the transition zone, and 
thus one can not describe maximum spacing based on the steady-state array of dendrites. We 
shall now describe this shape of the dendrite in the transition zone. 
4.3. Shape evolution in the transition zone 
In the cell-dendrite coexistence regime, the maximum cell spacing was found to be 
about the same as the minimum dendrite spacing, so that the formation of side arms des not 
increase the spacing significantly. In order to investigate any differences between the 
dendrites in the coexistence zone and in the complete dendritic zone, the tip shape of primary 
arms was carefully examined for a fixed growth condition (SCN-O.tiSwt%camphor, 
G=4.39Wmm and V=5.29pm/s). 
The quantification of tip radius, local spacing and initial side arm spacing are shown 
in Fig. 6 ,  which shows clearly that the tip radius increases linearly with local spacing for cells, 
increases non-linearly for cellular dendrites and does not change for well-developed 
dendrites. Therefore we selected three primary tips in these 3 typical regions in order to 
assess the shape dependence on the local spacing. 
Figure 9(a) shows a well-developed dendrite with a local spacing hl=163.0 pin, and a 
parabola with the measured tip radius p=19.58 pm is also overlapped. It is clear that the 
perturbations initiate at a distance - 1 . 5 ~  behind the tip and the amplitude of the first few side 
disturbances increases; indicating that the concentration fields overlap with the neighboring 
dendrites is stiIl negligible. Since the growth of these first few side disturbances are not 
influenced by the adjacent dendrites, we assert that the smooth region of the dendrite tip can 
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be considered to grow in an isolated manner. 
Figure 9(b) shows a primary tip with a 110 pm local spacing, just slightly larger than 
the hcd.  Instabilities develop visibly on the left side. For the sake of easy comparison, two 
parabolas are overlapped at the tip region: the thin- line parabola has a radius of 19.58 prn at 
the tip, and the thick-line parabola has a radius of 16.20 pm. The former is the value for an 
isolated dendrite as shown in Figure 9(a), while the latter is the measured tip radius of this 
primary arm. The smaller tip radius indicates that the tip region of this local spacing can feel 
the effect of soIute field of its neighbors so that the tip cannot open up freely. If we consider 
the axial composition gradient does not change, then radial composition gradient is 
significantly reduced due to a narrow spacing, which decreases the amplification rate of the 
side instability. Therefore those low-amplitude noises cannot be amplified to the level where 
the optical system may resolve [31, 321. Therefore only those noises with large enough 
amplitude can be observed to evolve into side instabilities on the surface near the tip, which 
leads to the formation of long-wavelength instability. 
Roughly speaking, the gap between these two parabolas reflects the strength of the 
interaction between neighboring primary arms. One would imagine that with increase in the 
Iocal spacing, the tip radius increases and the gap between these two parabolas will 
continually shrink, therefore the interaction among the neighboring primary arms continually 
weakens and more low-amplitude noise-induced instabilities will become visible, reducing 
the wavelength of the initial side arms (Figure 6(b)). 
Further reduction in the local spacing continues to decrease the tip radius, as shown in 
Figure 9fc). Similarly we overlap on the tip image the parabola with no solute interaction and 
the actual parabola with the measured tip radius of this primary arm. Clearly the gap between 
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them is more pronounced than that in Figure 9(b), which leads to the disappearance of 
perturbations from the tip surface,, Le. the formation of a deep cell. 
4.4. Comparison with other SCN base systems 
In order to understand how CDT depends on properties of an alloy system, we have 
summarized relevant studies in SCN base dilute alloys (TabIe 2). Experimental studies in 
which the system was not characterized accurately [5] have not been included in the 
comparison. AI1 experimental results show that /2,,(GY)"3 = consfand for a given alloy 
composition with the differences only in its dependence on composition and the value of 
constant. 
The expression for hcd  is obtained fro the experimental observations, and it 
characterizes only the proper dependence of V, G and CO. For SCN-camphor, this relationship 
is given by eq. (4), in which the constant 9.92 is a dimensionless parameter that may contain 
the values of the system parameters. The other possibfe dimensionless parameters relevant to 
the solidification microstructure formation are the solute distribution coefficient k and the 
anisotropy parameter, €4, for the solidAiquid interfacial energy. The effect .of k and ~4 can be 
obtained by comparing the results for SCN-camphor, SCN-acetone, and SCN-Salol, since the 
first two systems have the same ~4value but different k values, whereas the last two systems 
have the same k value but different ~4 values. 
We first compare the results in SCN-camphor with dilute SCN-acetone alloys. The 
experimental result on hcd  in SCN-acetone is found to be: 
I13 
I , ,  = 7.63 Ci""( E) 
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This result is analogous to that for SCN-camphor, which is given by eq, (4), with the onIy 
difference in the value of constant. Since both these systems have comparable values of ~ 4 ,  
but different values of k, the difference in the constant may only be ascribed to the different 
values of k in these two systems: k O . 1  for SCN-acetone and k-0.21 for SCN-camphor [30]. 
Since the solid composition of a dendrite tip is close to kc,, one may consider that the 
exponent of k should be the same as that for C,. For this modification, the values of the 
constant in SCN-camphor and SCN-acetone become 14.66 and 13.57, which are quite close 
and within the errors in different experimental studies. 
We may now compare the resuIts in SCN-camphor (or SCN-acetone) with that in 
SCN-salol in order to determine the influence of the anisotropy parameter in these two 
systems. The data of Liu and Kirkaldy [14, 15, 201 give the following expression for the 
SCN-salol system: 
since the exponents of G and V are the same for both SCN-salol and SCN-acetone, and the 
solute distribution coefhients in both alloy systems are 0.1, the difference in the prefactor 
should be due to the different values of the anisotropy parameter which are: ~ ~ = l . l %  for 
SCN-salol system and = 0.5% for SCN-acetone system. If we assume that there exists a 
universal constant that applies to all alloy systems with different ~4 values, we the anisotropy 
effect should be E : ' ~ .  A general expression valid for all systems thus should have the 
following form: 
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This unique relationship for CDT can be applied to alloys with negligible interfacial 
kinetics. This modified equation can now be used to modify the condition for the onset of 
cell-dendrite transition, (eq. 6 )  and (eq. 7). 
Table 2. Summary of cell-dendrite transition in SI N base dilute solutions 
1 Calculated factor 
reference 
Present study 
Esaka & Kurz [ 161 
Liu &Kirkaldy [ I41 
Sm boonsuk 
Trivedi et a1.[6] 
I 
Ceorgelin & Pocheau [5]  
: pm2/s; l-: K pm. 
** A short summary about the experimental study in SCN-acetone alloys is given in Appendix 1. 
** Using 1270 pm% and 700pm2/s as the diffusion coefficients in SCN-acetone and SCN-salol system 
respectively. The data by Liu and Kirkaldy [I91 are much lower than commonly accepted values in 
SCN-acetone alloys. The diffusion coeficient of SCN-salol alloys was recently re-determined by the droplet 
migration method (Liu, Teng and Choi [33]). 
V. Conclusion 
Cell-dendrite transition is shown to occur over a range of velocity or thermal gradient, 
and detailed experimental studies have been carried out in the SCN-camphor system to 
obtain an expression for the critical spacing (hEJ for the cell-dendrite transition. Based on 
this expression, a model is proposed to obtain the condition for the onset of the cell to 
dendrite transition. 
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Experimental results on the critical spacing have been analyzed in three SCN-based 
systems to generalize the model so that it is not system specific. This general model includes 
the solute distribution coefficient and the interface energy anisotropy parameter. 
The tip shape in the cell-dendrite coexistence regime strongly depends on the local 
spacing and a long-wavelength instability has been found through careful measurement of 
individual primary arms in an array. With increase in local spacing in a given array, the tip 
radius may linearly increase, non-linearly increase or remain unchanged. The occurrence of 
perturbations can be understood through the noise-induced instability theory. The maximum 
cell spacing is the roughly same as the minimum dendrite spacing when both morphologies 
coexist. 
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Appendix I: Summary of experimental studies in SCN-Acetone system 
SCN-acetone alloys have been extensively used by different researchers either for 
undercooled or directional growth studies. Most of them are for the planar front breakup, 
primary spacing and tip radius selection, and only a few experimental studies contain limited 
coverage of the cell-dendrite transition, as summarized in Table AI.  Apart from the alloy 
composition (CJ, temperature gradient (G) and growth velocity (V), the sample thickness (d) 
is also included in the table since it has been proved to be a control parameter for pattern 
selection. Actually by including this variable, an interesting results have been obtained by 
graphing l~g(h,d(GV>”~) - log(C,) as shown in Figure A l .  Clearly there are two branches 
which are controlled by whether h p > d  or not. If this is the case, the primary arms are 
-(‘compressed’’ to a 2-dimensional configuration and the spacing will be significantly 
increased. The tip region may still grow in 3-dimension geometry, but the primary spacing is 
selected due to the constraint by sample thickness, therefore we exclude these data and only 
consider those with tip and primary spacing both are selected in 3-dimension geometry. 
When we described the present experimental study in the text, we have noticed this thickness 
effect. 
The slope of l~g(h,d(GV)”~) - log(C,) is --0.27 for the data from different research 
groups. Therefore we consider there is a dependence on C01’4 in dilute SCN-acetone alloys. 
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Tabfe A l .  Re1 
Composition, 
wt% 
1.3 
4 
0.448 
0.09 
0.17 
0.35 
0.0079 I 8.3 I 
0.0067 I 0.6; I 
U. 0067 
0.0067 
0,00656 
0.013 
0.006 30.3 
0.006 42.5 
0.00376 3.6 150 
I f  SCN-acetone directional solidification I 
AiG? Pattern” Reference pm 
103 59.9928561 I c 
92.28 52.2763847 1 c 14,15 
I C :  cells; d: dendrites; cd: cell/dendrite coexistence 
I .85 
1.8 
2- 1.75 ’ 1.7 7 1.65 
m - 0 1.6 
T 
E 
Y 
1.55 
1.5 
y = -0.304~ + 1.79 
y - 0 . 2 7 ~  + 1.51 % Rz = 1 
\ 
\ 
\ 
El 
-1.5 -1 -0.5 0 0.5 1 
logIC0) 
Figure A l .  Plot of l~g(h,d(GV)”~) - fog(C,) from the published data in literatures. 
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CHAPTER 6.  GROWTH MORPHOLOGY OF ROD EUTECTICS 
A manuscript submitted to Acta. Muter. 
Jing Teng], Shan Liu2 and R. Trivedi'723* 
Abstract 
The formation of rod eutectic microstructure is investigated systematically in a 
succinonitrile-camphor alloy of eutectic composition by using the directional solidification 
technique. A new rod eutectic configuration is observed in which the rods form with elliptical 
cylinder shape. Two different orientations of the ellipse are observed that differ by a 90" 
rotation such that the major and the minor axes are interchanged. Critical experiments in thin 
samples, where a single layer of rods forms, shows that the spacing and orientation of the 
elliptic rods are governed by the growth rate and the sample thickness. In large thickness of 
the sample, multi-layers of rods, form with circular cylindrical rods form, and the spacing 
corresponds to the value predicted by the rod eutectic growth model. A theoretical model is 
developed for a two-dimensional array of elliptical rods that are arranged in a hexagonal or a 
square array, and the results are shown to be consistent with the experimental observations. 
(Keywords: Eutectic Solidification; Microstructure; Crystallization; Directional 
Solidification; Modeling) 
'Dept. Materials Science and Engineering, Iowa State University, Ames, IA, 5001 1 , U.S,A. 
2Materials and Engineering Physics Program, Aines Laboratory-USDOE, iowa State 
University, Ames, IA, 5001 I ,  U.S.A. 
*Corresponding author: e-mail: trivedi@arneslab.gov, phone: (5 15) 294-5869, fax: (5 15) 
294-4291. 
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1. Introduction 
Directional solidification of eutectic alloys offers the direct processing route to obtain 
in situ composite structures and has been used to produce composite turbine blades [I], The 
fine eutectic spacing of the composite structure is also used in the design of optical, magnetic 
and superconducting materials with special physical properties [2]. Typically, the most 
common regular eutectics form with either a Iamellar or a rod microstructure, and detailed 
analytical models based on diffusion in the parent phase and the interfacial energy have been 
proposed have been proposed by HilIert [ 3 ]  and Jackson and Hunt (JH) [4] for these two 
eutectics. Experimental studies have also been carried out in several metallic systems to 
validate the models [5-61. However, convection effects are generally present in bulk samples 
so that critical experiments have been carried out in thin samples of metals or transparent 
materials. For example, the CBr&2C& system has been used extensively to observe in situ 
the dynamics of Iamellar eutectic evolution [7-81. Although these experiments have provided 
valuable information, it has also been recognized that the microstructural features can also be 
influenced by the thickness of the sample. Detailed experimental observations [9-121 and 
theoretical modeling [13, 141 have shown that a confined space exerts a strong influence on 
the formation and evolution of soIidification patterns in single phase alloys. The changes in 
microstructures, and in their characteristic lengths, occur due to the change in the geometry 
of the region in which solute dissipation can occur, and also due to the constraint placed by 
the contact angle at the interface-wall junction. Since rod eutectic growth requires a finite 
thickness of the sample for the 3D arrangement of rods, it is anticipated that thickness of the 
sample should significantly influence the rod eutectic pattern. In addition, experimental 
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studies on rod eutectic have been limited and primarily confined to obtain the spacing versus 
velocity relationship. Even these experimental results could not be analyzed unambiguously 
due to the lack of precise knowledge of the relevant physical parameters, and often due to the 
presence of convection in alloy systems in which rod eutectic forms away from the eutectic 
composition [I 51, 
The aim of this paper is to present experimental resufts in a well characterized 
system of succinonitrile (SCN)-camphor in which rod eutectic forms at the eutectic 
composition [ 16-1 91, and which is transparent so that detailed study of rod morphology and 
spatial arrangements of rods can be examined in situ. It  is found that when the sample is 
sufficiently thick to form several layers, the relationship between the velocity and spacing 
becomes independent of the thickness, and the results agree with the rod eutectic model 
based on circular cross-section of the rods that are arranged in a hexagonal pattern. However, 
significantly different results are obtained in thin samples that show the presence of rods of 
elliptical shape, and these elliptical rods form with two different orientations that differ by a 
90" rotation, The rod spacing and the orientation of the ellipse are shown to depend on the 
velocity and the thickness of the sample, A theoretical model to analyze these experimental 
results is developed by characterizing the diffusion field in the elliptical cylindrical system. 
2. Experimental 
Directional solidification experiments are carried out in the succinonitrile (SCN) - 
camphor system. Both SCN and CMP are plastic crystais above the room temperature: SCN 
has a simple BCC structure while camphor is HCP in the temperature range of interest. SCN 
and camphor constitute a simple binary eutectic system with the eutectic composition at 23.6 
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wt% camphor and eutectic temperature 37.6 "C (Fig. 1). At eutectic composition, the volume 
fraction of camphor phase (P-phase) is 0.182 [14]. Due to the low volume fraction of the 
camphor-enriched minor phase (p), and the non-faceted nature of the solidAiquid interface of 
both phases in the eutectic structure, it is expected that regular rod-like eutectic morphology 
should prevail in a unidirectional growth process. Table 1 lists the thermo-physical properties 
of this binary system necessary for the present study. 
70.0 
60.0 
30.0 
0.0 10.0 20.0 30.0 40.0 
Composition, wt%Camphor 
50.0 60.0 
Figure I .  SCN-camphor system phase diagram [ 141. 
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Table 1. Physical Properties of SCN-Camphor Alloy 
Property 
Eutectic composition, CE 
Maximum solubility of camphor in SCN, C,, 
Maximum solubility of SCN in camphor, C,p 
Density of SCN solid 
Density of camphor solid 
Volume fraction of a phase, fa 
Volume fraction of p phase, fp 
Liquidus slope of a phase, m, 
Liquidus slope of p phase, mp 
Contact angle of a phase, 8, 
Contact angle of p phase, 0p 
Gibbs-Thomson coefficient of a phase, Ta 
Gibbs-Thomson coefficient of a phase, Tv 
Solute diffusion coefficient in liquid, D 
Unit 
wt% camphor 
wt% camphor 
wt% camphor 
gIcrn3 
g/cm3 
K/wt% 
K/wt% 
degree 
degree 
m K  
m K  
m2/s 
Value 
23.6 
7.10 
-1 00 
1.022 
1.020 
0.818 
0.182 
-0.688 
3.664 
38.4" 
66" 
6 . 4 ~ 1  O"* 
7 . 5 ~ 1 0 - ~  [ ' ' I  
2 . 6 ~  Igl 
*: contact angles are measured from a few enlarged alj3IIiquid triple points 
Directional solidification experiments were carried out with the SCN-24.0wt% 
camphor alloy. The temperature gradient was maintained at 4.5Wmrn, and the velocity was 
varied from 0.005 to 0.51 pm/s. The sample cells were rectangular in cross-section and were 
about 300 mm long. Camphor can easily sublime so that sample cells of two different 
thicknesses (20 and 50 pm) were filled at the same time from the same batch of the alloy to 
obtain the same alloy composition in all samples. Since the rod morphology is governed by 
the thickness of the sample and the velocity, experiments were carried out at several 
velocities for a fixed thickness, and at the same velocity in two different thicknesses. 
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3. Experimental Results and Analysis 
3.1. Steady-state growth patterns 
Depending on the growth velocity and sample thickness, a rich variety of steady-state 
growth morphologies were observed. Selected microstructures that show the effect of 
velocity and sample thickness on the rod shape and spacing between the rods are shown in 
Fig. 2. For a given thickness, higher velocity gives a smaller spacing so that more layers of 
rods would be present, while at lower velocity fewer layers of rods would be present. The 
liquid-solid interface remains flat macroscopically but curved microscopically due to the 
force balance at alPlliquid triple point. 
First consider the effect of sample thickness at a fixed velocity. Figures 2(a) and 2(b) 
show the microstructures in samples of 20 and 50 pm thick samples at a velocity of 0.005 
p.m/s. The eutectic spacing in a thinner sample is slightly larger and the camphor phase is 
wider (when looked under a microscope). At this lower velocity, a single layer of rods form 
along the width of the sample, but the rods are not circular in cross-section; instead they 
become elongated in the direction of the width in Fig. 2(a), and in the direction of the 
thickness for the experimental conditions of Fig. 2(b), as indicated by the few J.3 rods near the 
left and right edges of the sample. It is thus interesting to note that the orientation of the 
ellipse changes such that the major axis changes from the horizontal to the vertical direction 
as the thickness is increased from 20 pm to 50 pm. 
The effect of velocity for a fixed thickness of 50 prn is shown in Figs. 2(b) to 2(d) for 
three different velocities. As the velocity increases, the growth morphologies evolve in a 
more complicated manner. Increase in V gradually destabilizes the single layer growth and 
Figure 2. Typicai eutectic growth morphologies of SCN-24.0wt%camphor samples 
(a) V4.005 prn/s, t=20pm, single layer of f3 phase rods; 
(b) V=0.005 pm/s, e 5 0  pm, singIe layer of p phase rods; 
(c) V=0.02 pmls, t=50 pm, multilayer p phase rods for a smaller local spacing (left 7 rods) 
and single layer p rods for the larger local spacings; 
(d) V=O.O8 p d s ,  e 5 0  pm, multilayer p phase rods grow. 
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leads to the formation of multilayer p rods in the vertical direction. Figure 2tc) shows that 
part of the sample with a smaller local spacing favors the multilayer growth of rods and that 
the part with a larger local spacing facilitates the single-layer growth of vertically elongated 
p rods. Further increase in V results in the growth of more layers of p rods (Fig. 2(d)). For V > 
Growth 
velocity 
0,005 
VI, pmfs 
0.51 prn/s, many layers of p rods form in both the 20 and 50 pm samples so that it'is not 
possible to observe the interface morphology clearly. The present experimental study is thus 
limited to V10.5 1 pmh. 
Spatial Measured Eutectic spacing, pm p phase width (.ew), pm 
distribution Minimum Maximum Average Minimum Maximum 
single layer 42.46 44.23 43.33 1 19.16 20.43 hemin L m a x  L a v e  4 v  min 4-v max 
0.01 lsingle layer1 30.64 I 36.13 I .34.25 1 13.92 14.74 
Table 2. Experimental conditions and measured eutectic spacing (G=4.5K/mm) 
Sample 
thickness 
20 
(t), CLm 
50 
0.02 
0.08 
single layer 22 -05 27.2 24.09 10.04 11.81 
singte layer 9.7 11.84 10.52 5.05 6.81 
0.32 rnultilayers 4.53 6.49 5.7 3.96 4.73 
0.51 Imultilayersl 3.35 I 5.48 I 4.62 I 3.5 1 4.27 
0.005 lsingle layer1 30.98 I 39.92 I 33.61 I 14.75 15.94 
0.02[a' single layer 
0.51 Imultilayersl 3.51 I 5.34 I 4.56 I 3.2 I 4.12 
17.83 24.39 21.36 10.28 11.3 
(a) is for the elongated, single-layer growth of p rods and (b) is for the multilayer 
arrangement of p rods 
0.02'b) two layers 15.09 16.92 15.63 7.32 9.6 
0.08 Irnultilayersl 8.54 I 11.43 I 9.88 I 5.48 6.86 
0.32 ImultilayersI 4.47 I 5.96 I 5.41 3.35 4.73 
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Figure 3. Variation in the measured minimum spacing with growth rate in 2 different thick 
samples. 
Experimental conditions are listed in TabIe 2 together with the observed spatial 
distribution in terms of number of layers of rods. The experimental spacing (he), which is the 
distance between the two adjacent p phase rods in a recorded image, and the width (&) of the 
p phase rods as seen under a microscope are aIso measured and listed in Table 2 for different 
velocities. These two parameters will be used to determine the shape and orientation of the 
rod when a single layer of rods forms. The spacing, he, is measured at different velocities for 
each sample. A range of spacing is present at each vefocity, and the minimum observed 
spacing at each velocity was characterized and the resuIts are plotted in Fig. 3 .  For the two 
highest veIocities, the eutectic spacing is found to be independent of sample thickness, while 
at lower velocities a thinner sample gives rise to a larger spacing and this difference becomes 
more pronounced as the growth velocity is decreased further. 
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3.2.  Dynamics of the spacing selection process 
The transparent nature of the system is utilized in examining the dynamics of the 
spacing selection mechanism. Initially, the evolution of the eutectic structure is studied as a 
function of time by changing the track velocity from 0 to some final value Vf, Next, two sets 
of experiments are carried out in which the velocity is changed in. two-steps, i.e. 
0 -+ V, + V, . At each velocity, the system is soiidified until a steady-state is reached. Two 
sets of experiments are carried out with VI  > Vf and V I  < Vf so that the mechanisms 
operating for the increase and decrease in the spacing can be characterized. 
The spacing adjustment process when the velocity is reduced from Vi = 0.02 to Vf- 
0.005 pm/s is shown in Fig. 4. As the velocity is decreased, the spacing increases through the 
elimination of some whole columns of rods and the merging of the rods in the remaining 
columns. At V1=0.02 p d s ,  at least 4 layers of rods are present (Fig. 4(a)). This vertically 
multi-rod growth becomes more discernable in Fig. 4(b), where the velocity is decelerated. 
The arrows in Figure 4(b) mark those columns of rods which will soon be overgrown. in this 
viewfield, except the 2nd and the 3rd rod columns from Ieft, every other p rod column is 
eliminated from the original interface stabilized at V1=0.02 pm/s. At the new steady state, a 
single layer of p rods grows across the solid/liquid, interface (Fig. 41~)). The increase in 
spacing also leads to wider rods to maintain the same volume fraction. 
Figure 5 shows the morphological evolution with time as the growth rate increases 
from VI = 0.01 to Vf=0.04 pm/s in a 20prn-thick sample. The increase in velocity decreases 
the rod spacing so that additional rods are created through the branching of the rods. The tips 
of the rods become unstable and form four perturbations (or buds), and a necking of the rod 
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near the tip occurs (Figs. 5(b) and 5(c)). The location of the initial instability may be related 
to the constrained space since, in the rectangular domain, a slightly larger concentration 
gradient will be present along the diagonal directions. Once the instabilities grow to certain 
size, the interaction of the diffusion fields between the neighboring rods would eliminate 
some of the rods, as seen in Fig. 6. 
Figure 4. In-situ images of (a) Stable interface at V = 0.02 p d s ;  (b) Velocity decreased 
4 times from 0.02 to 0.005 p d s  and (c) Re-stabilized interface at V = 0.005 pm/s. 
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t=Omin t = 10 niin t =  12 min 
t = 30 niin t = 149 min t = 1232 mln 
Figure 5. The eutectic in-situ morphology change with time in a velocity-increase process 
(SCN-24,0wt%camphor, G=4.5 Wmm, V,=O.O I p d s ,  V2=0.04 pmls). 
Figure 6 .  Interface instability and subsequent spacing adjustment in a V-increase process 
(SCN-24wt%camphor, G=4.5 K/mm, V1=0.0 I pm/s, V2-0.04 pm/s). 
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3.3. Spatial arrangement of rods 
Experimental measurements of eutectic spacing are made on the 2D projection of a 
3D rod-like structure when the growth occurs in multiple layers. It is thus necessary to 
determine the spatial arrangement of rods, and to correlate the measured eutectic spacing, he, 
with the actual rod eutectic spacing, h ~ ,  in the bulk region. For a single layer growth, h, = he, 
but for multitayer growth of rods h, > h, . For an ideal hexagonal pattern of rods, there are 
two possible arrangements with respect to the direction of observation, as shown in Fig, 7(a) 
and 7(b). For the spatial arrangement shown in Fig. 7(a), hR = h, /cos30 and for the 
arrangement shown in Fig. 7(b), h, = 2hc. 
In order to establish the arrangement that is present in our experiments, we first 
calculate the radius of the rod of the minor phase (p phase) for each arrangement by using the 
volume fraction fp = 0.182 for the eutectic composition. I t  can be shown that for the 
configuration in Fig. 7(a), rp =0.1829 hc and for the configuration in Fig. 7(b), 
rp = 0.3 168 1,. This simple calculation indicates that the viewfieid from the top would be 
63% black due to the overIap of p rods if the arrangement were like Fig, 7(b), which is 
contrary to the experimental observation in Figs. 2 and 4. Therefore a configuration shown in 
Fig* 7(a) is present in the experiments. For this multilayer configuration with ideal shape and 
arrangement of rods, the rod spacing is given byh, = h,/cos30 = I  .155 hE , and the distance 
between the rod layers is given by: A, = h, tan30 = 0.577 he or h, =OS0 A,. For this 
spatia1 arrangement of rods, the measured spacings in multilayer configurations are converted 
to the actual rod spacing, and the results are shown in Fig. 8 for the sample thickness of 20 
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and 50 pin, 
Figure 7.  Two different spatial arrangements of rods with respect to 
observation. 
the direction of 
I74 
1- 
50.0 I 
I 0 
50pmsample 
0 20prnsample I -  Jackson-Hunt model \
Figure 8. The measured spacing for the mukiplayer growth are converted to the actual rod 
spacing and compared with Jackson and Hunt mode1 (SCN-24.0wt%camphor, G = 4.5 
Wmm). 
3.4. Eutectic spacing selection under steady state growth 
The rod spacing results for the bulk sample are now compared with the Jackson and 
Hunt model [4] of rod eutectic growth, which is based on rods of circular cross-section that 
arranged in a regular hexagonal pattern. Under the assumption that the eutectic interface 
grows at minimum undercooling, they obtained the scaling relationship as: 
(1) 
2 
4 , m i n  ' = ' 2  ' K ,  
where KI and K2 are system-dependent parameters, which are defined as: 
K ,  = WPAC,~ If, fpD (2)  
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where m = Imama I 1 +]ma I) . P is related to the volume fractions of a and p phases and is 
defined as the summation of Bessel functions. Trivedi and Kurz [SI simplified the summation 
of infinite series with a power function of volume fractions that is accurate forfp I 0 s .  A 
more general expression for all volume fractions is obtained as: P = 0.2372~~~3937fp1~8601 . 
AC, is the solubility difference between p and a phase at the eutectic tie-line, = C, -C,ya. 
With the values in Table 1, we find that Ai.,,,i,,V = 7.98 pm3/s,  The theoretically predicted 
minimum spacing values for bulk samples are shown in Fig. 8 as a solid line. Experimental 
values of the rod spacing for both sample thicknesses agree quite accurately with the 
predicted values at higher velocities where the spacing is small so that the number of rod 
layers are large and approach the bulk configuration. This is the first confirmation of the 
validity of the rod eutectic model of Jackson and Hunt in a system in which all required 
system parameters have been measured accurately. 
When the velocity decreases, the experimental results deviate from the theoreticalf y 
predicted values in the bulk sample. This departure is due to the constraint of the sample and 
it can be related to the number of layers of rods. For a multilayer configuration that 
corresponds to the bulk configuration, the distance, between the layers in the direction of the 
thickness is equal to h ~ / 2 ,  as seen in Fig. 7(a). In order to determine the number of layers 
needed to obtain bulk configuration, we analyze the experimental spacing data in three 
groups. (1) The experimental data at two higher velocities (0.32 and 0.5 1 pm/s) show that the 
spacing is independent of the thickness and its value corresponds to that in the bulk sample. 
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The smallest number of layers for these velocities will be present in 20 pm thick sample at V 
= 0.32 pm/s where the number of layers is about six. (2) The second group consists of single 
layers of rods that form at four lower velocities in 20 prn thick sample, and at two lower 
velocities in 50 ptm thick sampIe. Note that a single layer is obtained in 20 pm thick sample 
for velocities of 0.005 and 0.08 pm/s where the spacing between the rods differs by a factor 
of four. Thus it is important to note that the number of layers is not governed by the spacing 
between the layers in a buIk sample since the distance between the rod layers is influenced by 
the thickness and velocity of the sample. To examine the reason for this change in spacing, 
we note that the spacings at three lower velocities in 20 pm thick sample are slightly larger 
than the sample thickness and also larger than the predicted values in the bulk. In contrast, 
the spacing at V= 0.08 pm/s in 20 pm thick sample are smafler than the sample thickness and 
also smaller than the predicted values in the bulk. These results show that the thickness of the 
sample and the velocity influence both the distance between the rods in a given layer and the 
distance between the layers. These changes in the spacing will be determined in the next 
section, and they will be shown to arise from the change in shapes of the rods from circular 
to elliptical in cross-section and from the change in orientation of the major and minor axes 
of the elIipse. (3) The third case corresponds to Iayers of rods between two and five where 
thickness effect begins to influence the rod pattern, For example, the results for V=0.02 pm/s 
in 50 prn thick sampIe show one or two layers, whereas the number of layers based on the 
bulk spacing should be 5. It is thus important to note that the rod shape becomes elliptical 
when the thickness decreases to give fewer than six layers, and the distance between the 
layers in the direction of the thickness is influenced by the change in the diffusion field for 
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the elongated rods along the direction of the thickness. 
3.5. Rod morphology in thin samples 
The effect of sample thickness (for a fixed velocity) or velocity (for a fixed thickness) 
on the shape and spacing of the rods will now be established. Experimental observations in 
Figs. 2(a) and (b) show that the shapes of the rods deviate from a circular cross-section when 
the thickness of the sample is reduced. Rods in Fig. 2(a) are elongated in the lateral direction, 
whereas those in Fig. 2(b) are elongated in the vertical direction. To establish the shape of the 
rod unambiguously, we consider the results for conditions that give a single layer of rods. We 
consider different possible shapes of rods, as shown in Fig. 9: (a) lamellar, (b) circular 
cylinder, (c) elliptic cylinder with the major axis in the direction of the thickness, or (d) 
elliptic cylinder with the major axis in the direction of the width of the sample. The shape of 
the rod in a single layer formation can be determined from the experimental values of the 
local spacing h, and the measured width (e,) of the rod given in Table 2. The shape should 
confirm the volume fraction of the rods to be 0.1 82 for the eutectic composition used in this 
study, 
First consider the possibility of the minor phase to be lamellar or rods of circular 
cross-section. For the famellar shape, the local volume fraction of each “P-plate” is given by 
the ratio /h,and the results for experimental conditions of V = 0.02 pm/s in a 50 pm 
thick sample are shown in Fig. 10 as open square symbols. The calculated volume fractions 
are larger than the theoretical value of 0.1 82, which indicates that lamellar shape assumption 
is not valid, and the minor phase does not go across the thickness of the sample. We now 
examine the possibility of a circular cross section of the rod, which would give the volume 
I78 
fraction as K / A e S ,  where 6 is the thickness of the sample. The results are shown in Fig. 10 
as filled squares. The volume fractions for assumed circular cross-section are smaller than the 
theoretical value, so that the experimental shape must have depth that is larger than a,, or the 
rods are elIipticaI in shape with the major axis in the direction of the thickness, tt, larger than 
"L. 
I I 
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-. 
Figure 9. Schematic illustrations of the possible shapes of rods in reorganized patterns of a 
single layer of rods. (a) lamellar shape, (b) circular cylinder, (c) elliptical cylinder with the 
major axis in the direction of sample width, and (d) elliptical shape with the major axis along 
the sample thickness. 
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Figure 10. Calculated volume fractions of p phase. The circles are for V=0.005 pm/s in a 20 
pm sample and the squares are for V=0.02 pm/s in a 50 pm sample. The open symbols are 
for the calculation by assuming lamellar growth and the filled ones are for the assumption of 
circular rod growth. 
We now examine the volume fractions for experimental conditions of 6 = 20 pm and 
V = 0.005 pm/s for assumed lamellar and circular cylindrical shape of the rods, and the 
results are shown in Fig. 10 as open and filled circles, respectively. Since both these volume 
fraction results are higher than the theoretical value, the depth of the rods must be smaller 
than the width of the rods, i.e. E ,  < !,", or the rods are elliptical in shape with the major axis 
along the width of the sample. This conclusion is rather obvious for the 20 pm sample since 
S = 20pn while the measured minimum spacingh, = 42.46pm, it is impossible for a rod to 
assume a circular cross section and it must be elongated along the width of the sample. Thus, 
when the thickness of the sample becomes small enough to form a single layer of rods, the 
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rods assume an elliptical shape with two possible orientations of the major axis of the ellipse. 
We now examine the conditions that determine the orientation of the elliptical rods. 
The experimental measurement of k',v gives one of the axes of the ellipse, and the other axis, 
tt, along the thickness of the sample can be obtained by matching with the theoretical volume 
fraction, f R ,  which is given by: 
4f,h,t e ,  =- 
E e," (4) 
From the experimental values of e w , A e  and S , and using f R  = 0.1 82 for the eutectic 
composition, the value of e ,  can be calculated. For the experimental conditions given in Fig. 
2, the rods in 50 pm thick samples give the values of the two axes as 
I ,  = 10.28 pm, e ,  = 20.07 pm that show that the rods are elongated in the direction of the 
thickness. In contrast, the results for 20 pm thick sample give 
= 19.16 pm, a ,  = 10.3 pm that shows that the rod is elongated in the direction of the width 
of the sample. 
The orientation of the ellipse under different experimental conditions, which give rise 
to a single layer, can be examined by defining the shape factor, E, of a rod, as 
E =(eR.  + e , )  ( 5 )  
When E > 0, the major axis of the ellipse is along the width of the sample, and when E<O, the 
major axis of the ellipse is vertical in the direction of the thickness of the sample. 
Experimental results for a single layer of rods are now used to calculate the shape factor for 
different values of the relative spacing h, 16, and the results are shown in Fig. 1 1. 
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Figure 1 1 .  Summary of the experiments with a single layer of p rod growth. The numbers 
near each data point is for the sample thickness and the growth velocity. 
Several important observations can be made in Fig. 11. (1) The major axis of the 
ellipse changes from vertical to horizontal direction as h,/6 varies from less than one to 
greater than one. (2) For a given thickness (20 pm), the orientation of the ellipse has a major 
axis in the direction of the width at low velocities (Le. V = 0,005 pm/s), and the shape 
changes towards a circular cylinder as the velocity is increased to 0.02 pm/s. The major axis 
of the ellipse then changes from horizontal to vertical direction when the velocity is increased 
further to 0.08 prn/s. Thus, for a given thickness, the transition in the orientation of the 
ellipse occurs with increase in velocity. (3) For a given velocity of 0.005 pm/s, the 
orientation of the ellipse changes from horizontal to vertical as the thickness is increased 
from 20 to 50 pm. (4) The results in 20 pm thick sample show that the spacing between the 
I82 
rods is larger than that for cylindrical rods when the major axis is in the direction of the width, 
and it becomes smaller when the major axis is in the direction of the thickness. These 
differences in the spacing are consistent with the experimental data for a single layer growth 
shown in Fig+ 8. ( 5 )  It is sometimes assumed that the rods will become lamellae if the 
thickness is very small. The present results show that rods will not become lamella, but will 
elongate more in the direction of the width when the thickness is reduced. 
The effect of the rod shape on the spacing can be visualized by considering an array 
of elliptical rods, as shown in Fig. 12. Two different configurations are shown that are 
identical in a bulk sample since they are obtained by 90' rotation of the sample. However, 
they show distinctly different configurations when a single layer is formed or when they are 
viewed from a fixed direction under a microscope. The configuration of the singIe layer of 
rods can be identified in the figures, which show that when the major axis of the ellipse is 
along the thickness of the sampIe, the spacing between the rods is decreased, and the 
characteristic thickness of the layer of rods is increased. Similarly, when the major axis is 
along the width of the sample, the spacing between the rods is increased and the 
characteristic thickness of the layer of rods is decreased. 
A theoretical mode1 of eutectic growth for a two-dimensional array of 
elliptically-shaped rods will now be developed to explain the experimental observations on 
the spacing and orientation of the rods as a function of sample thickness and velocity. 
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Figure 12. Two different spatial arrangements of elfiptical rods viewed normal to the 
interface. (a) An irregular hexagonal arrangement of rods with six neighbors. (b) A 
rectangular arrangement with four neighbors. The dotted ellipses are the outer boundaries 
determined to have the same area as the controlled area for each rod. 
4. Theoretical Model 
4.1, Basic model 
Consider a eutectic phase diagram with eutectic composition, CE, and the initial alloy 
cornposition, CO, as shown in Fig. 1. The composition differences between the eutectic and 
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the two solid phases are shown in the figure as C: and C l ,  and the total composition 
range is ACo = C: +C! , Consider a two-dimensional array of rods of elliptical 
crgss-section, as shown in Fig. 12. A genera1 model will now be developed by following the 
Jackson-Hunt [4] approach. We consider two spatial distributions: (1) an irregular hexagonal 
array whose results can be compared with the hexagonal array of circular rods, and (2) a 
square array which is more appropriate to analyze the results of a single layer of rods in thin 
samples. 
The interface configuration is shown in Fig. 12 with the growth direction (z-direction) 
being normal to the plane of paper. For determining the solute profile in the liquid, we 
assume that the interface is planar at z = 0. The diffusion in the liquid is governed by the 
following steady-state diffusion equation in a coordinate system that is moving in the 
z-direction at velocity V. 
d2C d2C d2Z V dZ 
dx2 dy2 dz D, dz 
-+- + y + - - = O  
The diffusion in the two solid phases is assumed to be negligible. 
To obtain the solute profile in the liquid, consider an elliptical cylindrical coordinate 
system ( q , ~ ,  z), in which the coordinates q and y~ represent a family of confocal ellipses and 
confocal hyperbolas, respectively [20-221. Transformations between the Cartesian and the 
elliptical cy! indrical coordinates are given by: 
x = h cosh 7 COS v, 
y = h s i n h ~ s i n y / ,  
z=z ,  
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where x and y coordinates are shown in Fig. 12, and h is half the distance between the two 
foci. The axes of the ellipse along the x and y directions are given by h coshq and hsinhil, 
respectively. Let q = q p  represent the rodmatrix interface and q=qa be the far-field boundary 
of the a-phase, as shown in Fig. 12. 
To obtain the outside ellipse, q = qa for the a phase boundary, we follow the 
simplification used by Jackson and Hunt [4] that the area of the ellipse is equaI to the area A 
of the original hexagonal domain or square domain. The steady state diffusion equation in a 
moving elliptical cylindrical coordinate system (q, v, z) can be written as [22]: 
(1  0) 
d2C v dC +-+--=o az2 D, dz 
1 
The boundary conditions can be expresses as: 
- = 0  atq=Oand dC 
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C: and C! are shown in Fig. 1. 
4.2, Solution of the diffusion problem 
The differential equation (10) is solved through the separation of variables method 
[21] and the coefficients are determined from the above boundary conditions. The equations 
for and q are obtained as Mathieu's equations, with the solutions given by the angular 
Mathieu functions, ce*,(ir,q) and the radial Mathieu function, Cezn(q, 4). The solution for the 
concentration field in the liquid is thus given by 
It is assumed that, for m>O, 2 , / G / h > > V I D  is at low velocity. The coeEcient YO is 
obtained as: 
sinh 2qp 
0 sinh 2q, c,-c; = f  c,-c; P Y =  
where 
related to the rod spacing for an irregdar hexagon and a square array. 
= 2,/=, in which axa and aya are the semi-axes of the outer ellipse that will be 
The boundary condition - = 0 (Eq. 7b) determines eigenvalues q that are 
required for the solution to be stable, and they are obtained from the following equation: 
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in which 2n is the order of the Mathieu function, and q~,,,~ is the mth positive parametric 
zeros satisfying Eq. (16). From equations (14) - (16), the average composition in the P-rod 
and the a-matrix are obtained as: 
(17) - C,=-AC,h 2v L+C,+Y, D 
where the function L is defined as: 
Using the procedure of Jackson and Hunt the total undercooling is obtained as the sum of the 
solutal (ATd) and capillary (AT,) undercooling. The solutal undercooling is given by: 
where K,  =E [ ACoL] [ &] 
The solutal undercooling expression is similar to that for circular rods with the terms h and 
M for rods being analogous to 1 and L, respectively. We may follow the procedure of JH to 
caIculate the interface energy contribution 
We shall first examine how the diffusion field is altered as the rods become elliptical 
in shape, and then examine the predictions of the model for the spacing and orientation of the 
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ellipse as function of growth rate and sample thickness. Because of the space constraint, the 
details of the model and the conditions for the selection of lamellar, circular and elliptical 
rods will be presented in a separate publication. 
A. Difision Field 
Composition profiles in the Iiquid ahead of the interface were calculated as a function 
of orientation by using equations (14) - (16). Since Mathieu's functions are complex, they 
are generally evaluated numerically [22]. Calculations were carried out for one V=0.005 
prn/s, and the results are shown in Fig. 13(a). Three solute distribution curves are shown in 
Fig. 13(a): y=O is along the major axis of the ellipse; v=90° is along the minor axis and 
y~=45" is in between. The tri-angles on each curve mark the p phase boundary. Figure 13(a) 
shows that there is a significant variation in the radial component in the composition field, 
with the composition being the smallest along the major axis and the largest along the minor 
axis for a fixed radius. The radia1 composition profiIes are compared with the one in the 
circular-cylindrical coordinates by Jackson and Hunt [4] (Fig. 13(b)). 
B. Spacing und orientation selection 
To apply the results of the model, the parameter, n = 2,/=, needs to be 
evaluated in terms of the rod spacing. The value of the parameter, n, depends on the spatial 
arrangement of the rods, as shown in Fig. 12, and it can be related to the rod spacing by 
simple geometrical considerations. For an irregular hexagonal arrangement, we define the 
distances between the rods in two directions as A, and b, as shown in Fig. 12(a). These 
spacing are related to the axes of the outer ellipse as: 
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a,,a,, = ( ~ . A  /2r)[4-(A.r /Jd2r2 (22) 
Since our experimental results are in thin sample, the rectangular arrangement, shown 
in Fig. 12b, should be used to quantitatively analyze the results obtained for the single layer 
of rods. The outer ellipse is considered to have the same area as the area per rod, which is 
1,s , so we obtain: 
For the rectangular arrangement, ?’ = (4A//x). 
The general criterion for the selection of the orientation of the major and minor axis 
for the two-dimensional array of elliptical rods, and the selection of elliptic rods over circular 
rods and lamellar eutectic, will be presented in detail in a separate paper because of the space 
limitation. Here we shall briefly examine the physics to capture the essence of new results 
obtained in this study. The spacing can be considered to depend on the velocity as: 
A, - ( l / Y )  , so that the spacing will be related with velocity and thickness as: Ac - l/(VS). 
Thus, in a thin sample, the spacing for a single array of rods varies inversely with V and 6, as 
found in the experiments. The change in the orientation of the ellipse with the thickness is 
seen by considering the ratio (I&), which is inversely proportional to the square of the 
thickness. Thus, for a very thin sample, (Ac / 6 )  >> 1 , and the ellipse will have an orientation 
with major axis in the x-direction. As the thickness increase, the elIipse becomes a circle 
when (Au /S) = I ,  and then it changes to an ellipse with the major axis in the y-direction 
- 2  
when (Ae / 6 )  << 1 . Thus the model shows that the orientation of the ellipse changes from 
the horizontal (A, > 6) to the vertical ( Ac < S), as the thickness is increased. In a similar 
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manner, it can be seen that the ellipse changes its orientation with velocity at a fixed spacing. 
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Figure 13. Comparison of the radial composition profile of the liquid at the growth interface 
(a) Zeroth-order Mathieu's function for a ellipticaI cylindrical system (b) JH model for a 
circular cylinder coordinate system. 
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5. Conclusion: 
A systematic experimental study has been carried out in the well-characterized 
organic eutectic system (SCN-camphor) where the rod eutectic forms. Experiments are 
carried out in samples of finite thickness, and for conditions where multi-layers of rods form, 
in which case the bulk spacing variation with velocity is found to agree with the Jackson and 
Hunt model. 
In thin samples, in which only a single Iayer of rods is present, a significant change in 
the shape and distribution of rods is discovered. A new branch of rod eutectic is found with 
two major differences: (i) the rod shape corresponds to an elliptic cylinder rather than a 
circular cylinder, and (ii) two different orientations of the ellipse that are perpendicular to 
each other can be present, i.e. the major axis changes from the horizontal to the vertical 
direction in thin samples as the sample thickness or the velocity is increased. (iii) The 
orientation of the ellipse also influences the spacing between the rods. The spacing increases 
if the major axis is in the direction of the width (or horizontal direction) and decreases if the 
major axis is in the direction of the thickness. 
A model of rod eutectic growth with rods of elliptical cylindrical shape is developed. 
The diffusion field in the liquid ahead of the interface is obtained by solving the diffusion 
equation in an elliptical cylinder system. The solution is obtained in terms of Mathieu’s 
functions, and the average concentration in the liquid ahead of each phase determined, from 
which the solutal undercooling is obtained. The results of the model are discussed for the 
orientation of the ellipse and the scaling law between the velocity, spacing and sample 
thickness for a thin sample in which onIy a single layer of rods is present, and the predictions 
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are shown to describe the experimental observations. 
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Appendix 1. Evaluation of the coefficient Y Z " , ~ .  
The boundary conditions (13a) and (13b) is now used to calculate the concentration 
gradient at FO, Le., 
By using the orthogonality property of the Mathieu's functions, the value of the coefficient 
Y2n,m can be written as [22]: 
where AC, = C{ + C: and the function Q2n,m is defined as: 
Using the solution of the integral in the numerator, we obtain for the coefficient Y Z " , ~ .  
By defining the term in the large bracket in the denominator as Q22n, ,n ,  and 
substituting 2h = (2/2)(sinh 2 ~ ~ ) - ' ' ~  , we obtain: 
where ? = 2 d E ,  in which a,, and aye are the semi-axes of the outer ellipse, and the 
function 122n,,n is given by [22]: 
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The values of the coefficients are obtained from the recursion relations for the 
Mathieu's functions. The procedure for the numericaI calculations of the parameter 
QZn,,, is described by Mclachlan [22]. 
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CHAPTER 7. CRYSTALLIZATION KINETICS IN BINARY POLYMER SYSTEMS 
A manuscript to be submitted to Macromolecules 
ling Teng‘ and R. Trivedi’’2y* 
Abstract 
The kinetics of crystallization of PEG phase in polyethylene glycol (PEG) and 
1 ,Cdibromobenzene (DBBZ) binary alloys have been investigated as a function of the alloy 
composition by directional growth technique. A regime II/III  transition can be observed and it 
shifts to higher velocity as the composition of DBBZ increases while the nucleation 
parameter K,’s remains constant in each regime. The PEG growth rate first decreases and 
then increases with the increasing in DBBZ composition, which can be explained by the 
interplay between the dilution effect as well as increased secondary nucleation energy barrier 
and the increase in the mobility. In addition, a comparison is made between the directional 
and the undercooled growth of PEG, which indicates that the driving force (Le., undercooling) 
is over-estimated in an undercooled growth process. 
1. Introduction 
The growth kinetics of polymer bulk crystallization has been extensively studied in 
Dept. Materials Science and Engineering, Iowa State University, Ames, IA, 5001 1, U.S.A. 1 
*Materials and Engineering Physics Program, Ames Laboratory-USDOE, Iowa State 
University, Ames, IA, 5001 I ,  U.S.A. 
*Corresponding author: e-mail: trivedi@ameslab.gov, phone: (5  15) 294-5869, fax: (5  15) 
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the past decades and has been compared with the secondary nudeation theory [l-B]. This 
theory was developed by Hoffman and co-workers [7- lo], who extended the classical 
. nucIeation theory by Turnbull and Fischer [ I  I]  to polymer crystallization process. Since a 
polymer chain can be very long and can assume complex conformations, the growth of a 
polymer crystal is effected by the nudeation of a new layer and subsequent spreading: the 
strand with a critical length and appropriate orientation is first attached to a preexisting 
crystalline lamellar structure (substrate) and subsequent strands are deposited by folding the 
chain containing the first strand. Depending on the relative magnitude of the secondary 
nucleation rate (i) and the spreading rate (g), three regimes have been proposed to account for 
the polymer crystallization process from its melt. 
Regime I :  i l g  << 1 ,  Le., the rate of secondary nucleation is very low and is the rate 
controlling step for growth process. In this regime, each layer is compIete before the next one 
nucleates This holds true at smaIi undercoolings. 
Regime 11: i l g  - I ,  Le., the secondary nucleation rate is relatively high and there are 
multiple nucleations at the crystal growth front. Multiple nucleation events in the single 
growth layer reduces the space for a nucleus to grow 1ateraIly. This regime occurs at higher 
undercoolings than Regime 1[8,12]. 
Regime 111: i / g  > 1 ,  Le., at even higher undercoolings, the rate of secondary nucleation 
becomes much greater, and the nucleation occurs at multiple crystal planes to facilitate a 
faster crystal growth. In this case, a secondary nucleus does not spread much beyond the 
dimensions of the nucleus. 
The growth rate in different regimes can be expressed as: 
198 
G = Go exp[-U' / R ( T  -T , ) ]exp[-K,  / T ( A T ) f ]  
where Kg is a nucleation parameter which is defined as: 
K ,  = Z~,,CO~~,: I kAh, (2) 
where 2 equals 4 for growth regime I and 111 and 2 for regime 11, bo is the crystal 
monomolecular layer thickness in the growth direction. CT and crc are the lateral and 
fold-surface free energies, respectively. T,: is the equilibrium melting point and hh.{ is the 
crysta1 heat of fusion. The meanings of other parameters in above LH equation are as 
follows. Go is a pre-exponent factor containing all the quantities that not highly dependent 
on temperature, T is the Crystallization temperature, U' is the activation energy of 
transport of polymer chains segment across the rnelt/crystal interface and T, is a theoretical 
temperature at which all motion associated with viscous flow stops and is related to the glass 
transition temperature of the polymer. AT is the degree of undercooling (r,: - T )  and 
f = 2Tc l(T,: + T )  , which is a correction factor for temperature dependence of heat of fusion. 
From equation ( I ) ,  we can see that for homopolymer bulk crystallization, the growth 
rate G is governed by two quantities, the mobility term exp[-U* IR(T -Tm)] and the 
secondary nucleation term exp[-K, / T ( A T ) f ] .  Experiments in pure polymers, such as 
isotactic polystylene [ 13, polyethylene [2,4], isotactic polypropylene [3], 
poly(3-hydroxybutyrate) [ 5 ]  and poly(ethy1ene oxide) [6],  confirmed the existence of 
different growth regimes and agreed with the theory with the appropriate selection of the 
values of different parameters in eq. I .  
For polymer alloys, the addition of second component (i.e., solute) B to the solvent 
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A will make the crystallization process more complicated. This second component may be 
crystalline or non-crystalline, may be a poIymer or a small molecule and may be a polymer 
of different structures or the same homopolymer but with different molecular weight. The 
effects of the solute on the crystallization kinetics of A may come from several aspects: (1) 
the concentration of the crystallizable component A at the growth front is decreased by an 
amount proportional to its volume fraction so that the kinetics of crystallization is reduced by 
this dilution effect. (2) For crystallization to proceed, the second component B must diffuse 
away from the growth front or the molecules of A must diffuse to the growth interface, This 
may involve a long-range diffusion process, which is different from the short-range diffusion, 
eg, the Go exp[-U'/R(T-T,)J term in LH equation. (3) The transport term associated 
with the solid-liquid interface may be altered because of the change of Tg and thus the 
temperature range over which crystallization can occur is changed. (4) Most importantly, 
there exists the thermodynamic interaction between the A arid B molecules, which may 
change the free energy barrier for the formation of nuclei on the crystal surface. Therefore 
the secondary nucleation theory has to be modified to include these aspects in order to 
account for the growth kinetics for alloyed polymers 113-171. 
The crystallization kinetics in miscible blends has been experimentally studied, but 
most of the investigations focus on the mixtures of crystalline/non-crystaf I h e  polymers 
[18-251. Generally, the crystallization rate is reduced by mixing with a non-crystalline 
polymer because of the dilution of the crystallizable component at the growth front and the 
reduction in chain mobility due to an increase of glass transition temperature (T,) of the 
blends. For the miscible polymer blends composed of two crystalline polymers, only a few 
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studies with regard to the crystallization behavior are reported, such as poly(oxymethy1ene 
diacetate) / polyoxyethytene system [26], poly(buty1enes terephthalate) / polyarylates based 
on bisphenol A isophthalate system(PBT/Par(I-100)) [27], Nylon 66 / Nylon 48 system [28j 
and Poly(3-hydroxybutyrate)/ poly (ethylene oxide) (low molecular weight) system f29 1. The 
results are quite different on the effect of solute on the growth rate of a polymer crystal: the 
solute may enhance or retard the polymer crystal growth depending on the different system 
studied. Besides, there is no indepth discussion about the physical reason of these different 
effect. 
Two different techniques have been widely used to examine the polymer growth 
kinetics for the experimental studies of the crystalIization kinetics of polymers. Researchers 
either use DSC to study the non-isothermal growth process [30] or employ the undercooled 
growth to investigate the isothermal growth process. DSC can only provide useful data on the 
overall kinetics of crystallization (i.e,, Avrarni kinetics), but it cannot offer the critical 
information such as nucleation undercooling and in-situ growth velocity since the nucleation 
and growth process are entangled and are continuously changing. For undercooled growth, 
the nucleation and subsequent growth of a spherulite crystal may be studied separately [31]. 
The polymer crystal growth process is usually monitored under an optical microscope with 
polarized illumination, the growth velocity is calculated by measuring the crystal size as a 
function of time and the steady state growth rate is then correlated with the bath 
undercooling in order to determine the growth kinetics and to disclose the growth 
mechanism. 
However, the rekvant temperature and undercooling in Eq. 1 should be the values 
right at the growth interface, rather than the bath temperature and bath undercooling [32]. At 
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small undercooIings, the difference between the interface temperature and the bath 
temperature may be negligible; nonetheless at relatively high undercoolings, the interface 
temperature can be higher than the bath temperature, which may pose a serious problem if 
the bath temperature is used to evaluate the growth kinetics. 
Another obvious drawback about the study crystallization kinetics of polymer alloys 
is the lack of phase diagram. Due to the sluggish crystallization kinetics of a polymeric alloy, 
it is rather time-consuming to accurately determine the equilibrium phase diagram 
experimentally, However, a phase diagram is always essential since it is the graphic 
representation of the thermodynamics of a system and lots of information can be obtained 
from phase diagram which will be very helpfui to understand the solidified microstructure 
and evaluate the crystallization kinetics. For example, the melting temperature of an alIoy is 
different from that of a pure solvent, and the former should be used to calculate the driving 
force for the crystallization of the alloy; however in literatures, the melting temperature of a 
pure soIvent is frequently used to analyze the crystallization kinetics of a polymer blend. 
The key objective of the present study is to investigate the effect of solute 
composition on the crystal growth kinetics of a solvent polymer. We selected poly(ethy1ene 
glycol)PEG/p-dibromobenzene (DBBZ) alloy system where PEG is the solvent and DBBZ is 
the solute. It has been shown [33-341 that both components are crystallizable and that PEG 
and DBBZ can form an intercalcate complex, which contains -61.7wt% DBBZ. We have 
accurately determined the phase diagram for the composition range [0, 61.71 wt% DBBZ, 
within which PEG and the intercalate complex form a simple eutectic system [33], so that we 
can focus on the growth kinetics study in hypo-eutectic region, because in this region PEG is 
the primary phase crystallized from the melt first. On the other hand, we have employed the 
202 
directional growth technique to study the growth kinetics of polymer and polymer alloys, 
Since the growth is unidirectional, it is convenient to reach a steady state and to measure the 
interface temperature in situ with an embedded thermocouple. Therefore the growth rate can 
be directly correlated with the interface temperature and there wiIl be no ambiguity in 
analyzing and interpreting the growth data. 
2. Experimental 
2.1. Materials 
PEG (white powder, Molecular Biology Grade, Mw = 8000) and DBBZ (white 
crystal) were purchased from Fisher and Aldrich respectively and they were used as received. 
The polydispersity (PDI) of PEG was 1.035 which was obtained by GPC. The relevant 
properties of the materials are summarized in Table 1. 
2.2. Alloy and DSC sample preparation 
All the aIloys were prepared by heating to 150°C under high purity nitrogen and were 
kept at that temperature lhr for homogenization after the alloy was fully dissolved. 11 
compositions were chosen for DSC measurements of both eutectic and liquidus temperature. 
They are: PEG-0, 1.2, 2.0, 3.0, 4.0, 5.0, 10.0, 25.0, 30.0, 44.6 and 61.7wt% DBBZ. Several 
heating rates, 1.0, 2.0, 5.0 and 10.O°C/min with the same cooling rate 2.OoC/min, were used 
in DSC measurements and extrapolated temperatures at O"C/min are used to construct phase 
diagram. A special type of DSC aluminum pan for volatile material was used to avoid the 
sublimation of DBBZ. Each DSC sampk weighed around 10 mg. DSC measurements were 
carried out under nitrogen atmosphere by a Perkin-Elmer Analysis 7 system. 
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Melting 
temperature 
('C) 
Table I .  Molecular characteristics and crystalfographic data 
64.0 87.0 96.0 
PEG 
Crystal monoclinic 
1 PEG-DBBZ compound p-DBBZ 
monoclinic orthorhombic 
I 8000 (PDk1.035) I 235.92 MolecuIar weight 
Lattice 
parameters 
Chain 
conformation 
7.95& 13.11& 19.39A I5.36A, 5.75&4.10A 16.74& 9.68A, 
124.6" 112.5' 27.98A 
H712 HI013 
1.23 Density (g/cm3) 1.681 
2.3. Shear viscosity measurement 
The shear viscosities were measured on a cone-plate viscometer cap2000 in order to 
calculate the activation energy E, by the equation q=qoexp(E/RT) for pure PEG and alloy, 
For each composition, measurements were performed at 4 different temperatures. Since 
molten polymers are non-Newtonian and the viscosities decrease as the shear rate increases, 
so that 3 different shear rates were used at each temperature, then extropolated to get 
zero-shear viscosity at each temperature. 
2.4. Directional crystallization experiments and interface temperature measurement 
The experimental setup fo directional crystallization study is shown in Figure 1. It 
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consists of three major parts: the temperature part including the hot and cold block and their 
controls, which establ isheds a temperature gradient in the sample; the translation part which 
moves the sample back and forth for melting and solidification at a precisely controlled rate 
V, and the optical imaging part including the light source, lens, a camera and an imaging 
recording system. The experimental material is sealed in a rectangular glass tubing with the 
cross-section 0.2 (thickness) x 4.0 (width) x 300 mrn (length). A $50 pm K-type 
thermocouple was inserted in the sampie celf and was connected to a temperature recording 
system to measure interface temperature when the growth interface reached the thermocouple 
tip. 
Video 
camera 
Microscope 
lens 
r- I .  S I -vu 
S/L interface 
Figure 1. Schematic of a directional crystallization setup. 
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3. Experimental Results 
We start with the determination of PEG-DBBZ phase diagram followed by the study 
on the growth kinetics on pure PEG and hypo-eutectic alloys. 
3.1. Phase diagram determination 
Figure 2 shows the DSC heating curves for 7 compositions. The ordinates for 
different compositions are intentionally shifted by some amount so as to avoid the overlap. 
For pure PEG, there are two overlapping peaks, which are for the melting of PEG crystals 
folded once and fully extended respectively. The fully extended conformation has a slightly 
higher peak temperature; therefore its peak temperature is taken as the equilibrium 
temperature for phase diagram construction. With addition of solute up to 5.0wt% DBBZ, we 
can see that the position of this peak is shifted to a lower temperature. The peak temperature 
reached the lowest value for the alloy of 5.0 wt% DBBZ. Then, as the DBBZ compositions 
increased ( 1  0.0 wt % DBBZ curve on the figure), a second peak was just visibIe at 69.45"C, 
which was believed to be the melting peak of the other primary phase melting peak. This 
peak became more evident and the peak position shifted to higher temperature with a more 
DBBZ, until the DBBZ composition reached 61.7wt%. At this composition, PEG and DBBZ 
form the intercaIate complex, so that there was only one melting peak on the DSC heating 
curve. For both lO.Owt% and 30.0wt% DBBZ alloy, the first peak on the curves was at 
almost the same position as that for 5.Owt% DBBZ alloy, which is attributed to the eutectic 
melting peak. 
The melting temperature that was obtained from DSC heating curve depends on the 
heating rate. The larger the heating rate, the higher the measured melting temperature. This 
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effect was basically due to the thermal lag which is intrinsic to a DSC apparatus. To correct 
this effect, several different heating rates were used for the same sample, so that the value 
extrapolated at O°C/rnin can be used to construct the equilibrium phase diagram, 
In order to confirm that PEG-S.Owt%DBBZ is really the eutectic alloy (Fig. 2), we 
w 20 
$ 
E; 0 
c 
3 -20 
-40 - 
-60 
used different cooling rates (2.0, 5.0 and 10.OKhin) for DSC scans and the resuIt is shown 
in Fig. 3. Clearly, there is only one crystallization peak irrespective of the cooling rates. 
Therefore, an alloy is in the hypo-eutectic region for <S.Owt% DBBZ and the primary phase 
will be PEG; while it is in the hyper-eutectic region for > 5wt% DBBZ and the primary phase 
will be the intercalate complex. 
_..............* *..,y..... ,........... PEG-S.OW~%DBBZ 
; \ *‘*-., 
I 7 4  
PEG-lO.O\Vt%DBBZ - 2 0  --I--- 
*...., .... “*I.. I .q.. 
a*, sa.., p PEG-~O.OW~*/ODBEZ I t ..__._..-..-.. -.?*.x 
---k ------- A’ r-- 
I PEG-DBBZ complex I 
1 
120 
Figure 2. DSC thermographs of PEG-DBBZ alloys (heating rate: S°C/min). 
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Figure 3. DSC cooling curves of PEG-S.Owt% DBBZ with different cooIing rates. 
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Figure 4. PEG8000-DBBZ phase diagram from DSC analysis. 
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The phase diagram between PEG 8000 and the intercalate complex is constructed by 
the extrapolated values for each composition, as shown in figure 4. The eutectic composition 
for our particular system is PEG-S.Owt% DBBZ, which corresponds to 8.1 Owt% intercalate 
complex, and eutectic temperature is 61.76'C. 
The solidified microstructures are different for alloys in hypo- and hypereutectic 
regions since the crystalline primary phases are different. The in situ images for 
PEG-3.Owt%DBBZ and 1Owt% DBBZ alloys confirmed that those two compositions belong 
to different regions, as shown in Fig. 5. 
Figure 5. 2D in-situ growth images of (a) PEG-3wt% DBBZ and (b) PEG-lOwt% DBBZ 
alloy (growth velocity = 0.25pm/s, temperature gradient = 4.5 Wmm). 
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3.2. Growth kinetics of pure PEG8000 
I L I 1 5  
Figure 6 shows the variation in the measured interface temperature of PEG 8000 with 
the imposed growth velocity by directional crystaIlization technique, The velocity varied 
from 0.0054 to 100.0 pm/s. The lower velocity end is limited by the translation system, while 
the upper velocity is limited by the multiple primary nucleation events in the liquid ahead of 
the growth interface, which btock the directional growth and therefore no steady state can be 
achieved. Since we have already measured the melting point, the relationship of interface 
undercooling can be conveniently correlated with growth velocity, as shown in Fig. 6 (open 
circles), Clearly a higher growth rate requires a larger undercooling, which is in general 
agreement with the observations in undercooled growth. 
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Figure 6. Variation in PEG interface temperature and undercooling with growth velocity. 
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In order to analyze the growth kinetics of polymer crystals, equation (1) is usually 
re-arranged as: 
Then the plot of the left-hand side of the equation (3) vsf/T(AT)f can provide the useful 
information about the value of K ,  (slope) and Go (intercept) and this type of data 
presentation is usually termed as LH plot. Figure 7 shows the LH plot from our experiment 
data, where G and T were the input directional growth velocity and measured interface 
temperature. For Fig. 7, U* = 29.3KJ/mol by Kovacs’ work [35-371. The value of T, was 
taken, by definition, as (Tg -30)K.  For PEG, Tg = 206.15K . The equilibrium melting 
temperature was 337. IK, deduced from DSC measurement. 
A slope change can be observed at AT-  9.5K and the ratio of the two slopes 
( K F  /K i )was  close to 2, indicating the transition between growth regime I1 and IT1 around 
this undercooling. We will further discuss this in the next section and compare with reported 
values in PEG undercooled growth. 
3.3. Effect of DBBZ content on the growth rate 
From Fig. 4, we know that the eutectic composition is 5.0wt% DBBZ. At this 
composition, PEG and PEG-DBBZ intercalate complex crystallize from the melt together. 
For alloys with composition smaller than 5wt% DBBZ, PEG is the primary phase and 
therefore the effect of DBBZ content on the growth kinetics of PEG can be studied in this 
composition range. The interface temperatures were measured for some alloys in this 
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composition range and the results are shown in Fig. 8. With a small amount of DBBZ 
addition into PEG (52.0wt%DBBZ), a larger undercooling is needed in order to keep the 
same growth velocity. However if more DBBZ is added, this undercooling is decreased. 
In order to see the composition effect clearly, we re-plot the variation of interface 
undercooling with DBBZ content for two growth velocities (Fig. 9). From Fig. 9, we can see 
that a maximum undercooling occurs at the composition C=l.Zwt%DBBZ, i.e., in order to 
keep a certain growth veIocity, the interface undercooling shoutd increase with composition 
when C< 1.2wt%DBBZ; and the undercooling should decreases with composition when 
C>I,2wt%DBBZ. All the other growth rates show the similar results in the low velocity 
range. At high velocities, all curves fa11 into PEG curve, which may due to solute trapping. 
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4. Discussions 
4.1. Quantitative comparison of PEG directional growth with undercooled growth 
As mentioned previously, Kovacs et aZ[35-371 have presented a systematic study on 
the growth kinetics of PEO crystallized from the undercooled melt for PEO fractions in the 
low molecular mass range. We compare our present results with those by Kovacs et ai. E351 
for the same molecular weight (Fig. 1 O(a)). Because of the equipment limitation, the data for 
very small growth rates are not attainable in the present study. One can see that the data 
obtained in the directional growth and the undercooled growth follow the same trend; 
however, at high undercoolings, some differences do exist. The growth rate in a directional 
crystaliization process is slightly larger than that in an undercooled growth process for the 
same undercooling. 
As suggested by Cahn [32], in order to accurately disclose the growth mechanism, the 
growth rate V should be corrected to include the change of the self-diffusion coeEcient (or 
viscosity) with temperature. The corrected veiocity is G(T)D(T;)/D(T) or G(T)q(T)/ q(T;), 
where D is the self-diffusion coefficient, q is the viscosity, Tm0 and T are the melting 
temperature and interface temperature resepctively. This correction may be more important 
in polymers because the long chains of polymer molecules are in random coil comformation, 
therefore the viscosities of polymer melts are pretty large which makes the self-diffusion 
coefficient of polymers pretty small (usually 4-6 orders of magnitude samller than metal) and 
strongly dependant on temperature. The self-diffusion coefficient changes with temperature 
according to: D(T) = D, exp{-E, l (kT)}  . For PEG 8000, the activation energy E, for 
self-diffusion was reported to be 26570J/mol [38]. i n  the present study, the activation energy 
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by the shear viscosity measurement is 27015.47 J/mol, which is in good agreement with 
literature data. 
Figure 10. A comparison between undercooled and directional growth data of before and 
after corrected the temperature dependence of diffusivity. 
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We present the change in the corrected growth rate G(T)~(T)/(~(Tm0)AT) with AT in 
Fig.1 O(b). The difference between the directional growth and the undercooled growth 
becomes rather clear at high undercoolings: the undercoolings obtained from the present 
study are consistently smaller than those for undercooIed growth by Kovarcs et al. for a fixed 
growth velocity. We believe that in this region, the undercooling for crystal growth is 
overestimated in the undercooled growth since the growth rate is high, the latent heat 
generated at the interface can raise the temperature near the interface, therefore the actual 
undercooling available for growth of soIid/liquid interface is less than the bath undercooling. 
This clearly shows the significance of the interface temperature and it should be directly 
measured if possible. Moreover the secondary nucleation theory of polymer crystallization 
considers the interface undercooling and interface temperature, rather than the bulk 
undercooling and bulk temperature. in the low velocity region, the two methods give the 
same results, indicating that heat flow does not pose any problem in the evaluation of the 
growth kinetics. 
4.2. Growth kinetics and growth regime transition in pure PEG 
Before we discuss the effect of solute addition on the kinetics of PEG crystal growth, 
we would like to present the baseline data for the growth kinetics and the regime transition in 
pure PEG case first. Figure 7 shows that there is a regime transition at AT = 9 S K  below 
which the growth is in regime IT and above which the growth is in regime 111. In regime 11, 
K: = 2.1084 x lo4 K' and in regime 111, K P  = 4.6654~ lo4 K' . 
According to the secondary nucleation theory (eq. 1) [7-10, 121, the relative ratio of 
i / g  determines which growth regime it will belong to at various growth rates (or 
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undercoolings): i and g can be approximately expressed as: 
i cc pexp(-K, /(T . AT e f)) 
g = P  
so we have: 
i /  g - exp(-K, /(T e AT. f)) (7) 
In above equations, the undercooling AT is temperature difference between the 
melting temperature and interface temperature during crystal growth. Since decrease in 
interface temperature T will increase the interface undercooling AT, the product T- AT has a 
maximum value at T,/2 point, as shown in Fig. 11. The shaded region in Fig. 11 is the 
undercooling range obtained in our experiments, so T. AT increases as the increase of AT. 
0 T J2 
Figure 1 I .  Variation in TAT term with AT, 
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The correction factor f is always a number very close to 1, the change of fvalue with 
undercooling can be omitted for simplicity. Thus, in the range of present data, i / g  will keep 
increasing with AT within each regime. 
From PEG growth data, we already knew that the regime transition point is around 
AT = 9SK, thus, we may set (i/g)1AT=9,5k - 1. For an undercooling larger than 9.5 K, the 
ratio of (i/g)IK,. : 
(i/glA7~ = e x p ( - ~ ,  I T ( A T ) ~ ) ~  > Aexp(-K, / T ( A T ) ~ - ) ~  so: 
AT 9.5R ’ 
when AT > 9,5k, ( i /g)Kr  > 1 , thus the crystal growth enters into regime 111. 
4.3. The growth kinetics of PEG in PEG-DBBZ hypo-eutectic alloys 
As we haved mentioned earlier, the additon of solute DBBZ siginifcantly change the 
growth kinetics of PEG crystals in different aspects. The diIution effect has been considerd 
by directly multiplying the volume fraction of the solvent component in eq. (1) [39]. Boon 
and Azcue[lS] included the effect of mixing entropy on the nucleation energy barrier for 
forming a two-dimensional critical nucleus. The growth rate is given by: 
where$, is the volume fraction of PEG phase and the subscript (a) means “alloy”. Since by 
empirical ralation, for PEG 0 = 0. lb(Ah,,) [40], the above equation can be rearranged as: 
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The plots of the left-side terms in equation (5 ' )  vs. lIT(AT)fcan be drawn for 
hypo-eutectic alloys, as shown in Fig. 12. Since the actual interface temperature is much 
lower than the liquidus temperature T&), we use local liquid composition at the growth 
interface to calculate $ 1 .  The local concentration is obtained through the phase diagram since 
the measured interface temperature has been directly measured in the growth process for 
each alloy. We use the same values of U' and Tg as in pure PEG case, since Kh' , not like 
Go, is not sensitive to their values if the growth is in the region near q,: [7, 18, 20,411. 
Figure 12. 
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LH plots for pure PEG and PEG-DBBZ hypo-eutectic alloys. 
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Three significant observations can be made from Fig. 12: (1) it is apparent that for 
Composition 
wt% DBBZ 
alloy crystallization, the transition points from growth regime I1 to 111, which are marked as 
blue arrows, are systematically shifted to a higher growth rate (e.g+, higher undercooling) 
with the increase in DBBZ concentration, that is, the higher the alloy composition, the higher 
the growth rate needed to reach the regime transition point. (2) In each regime, the value of 
K ,  is independent of the alloy composition (Table 3) and thus the same as that for PEG 
within the experimental error. (3) The Go term increases with the alloy composition (Table 2). 
Regime I1 Regime TI1 
K, GO K, GO 
Table 2. Derived values of !Si' , K:" and Go in hypo-eutectic alloys 
x 1 0-4, K2 xl  09, cm/s x I 04, K2 x109, cm/s 
0 
1.2 
2 
3 
4 
The above observations are again closely related with the variation of secondary 
nucleation rate ( i  1 and the lateral spreading rate of a nucleus (g  ) with the addition of solute 
molecules. For the alloy growth, the nucleation rate changes to 
2.018 0.343 4.665 625 
4.957 I200 
2.336 1.49 4.588 I380 
2.454 4.25 4.33 I 1910 
2.356 17.3 
as in equation ( 5 ) ,  so that i/ g can be expressed as: 
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4 is volume fraction of PEG phase at growth interface. Since Ln# 1 < O  
1 LC,,,)-9.SR) 
Thus, for PEG crystal growth in an alloy sample, the growth still remained in regime I1 for 
AT =9.5K; while for pure PEG, it is the regime II/III transition point. Only with an increase in 
undercooling can ( i  / g)a,,oJ, approach I , therefore, the regime transition II/III is shifted to a 
higher undercooling in PEG-DBBZ hypo-eutectic alloys. Clearly this shift is caused by the 
increased energy barrier for secondary nucleation due to the entropic contribution by adding 
in solute. The higher the solute composition, the larger energy barrier for secondary 
nucleation, and the more undercooling needed. Therefore the growth regime transition point 
keeps shifting to st higher growth rate (higher undercooling) with more DBBZ addition. 
The crystal growth rate also depends on mobility term (p). For pure materials, the 
mobility is directly related with the self-diffusion coeficient, while for alloys, it is related 
with the mutual difision coefficient. The intercalate complex formed by PEG and DEI132 has 
a higher mobility and larger self-diffusion coefficient, since it has a much higher growth rate 
at the same undercooling (Fig. 13), therefore the mutual diffusion coefficient in an alloy 
sample should be higher than the self-diffusion coefficient of pure PEG. A higher mutual 
diffusion coefficient implies that PEG chains in an alloy are more flexible and PEG 
molecules have a higher mobility in comparison with those in a pure PEG sample at the same 
temperature, which leads to a higher growth rate and a higher Go term. 
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Figure 13. Comparison of the growth velocity of pure PEG with the intercalate compound. 
Even in the alloy case, the value of K, in each regime does not depend on the alloy 
composition (Table 2 and Fig. 12). This may be related with the fact that the crystallization 
material is PEG whether the sample is pure or alloyed. The solute molecules are pushed to 
the liquid in front of the growth interface, therefore the values of CT and ne may remain the 
same. Moreover, in the composition range of present study, the depression of the equilibrium 
melting temperature is less than 2OC, and the heat of fusion does not show significant change 
from our DSC measurement. The values of a11 the parameters in Kg either remain the same or 
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change only by a very small fraction, so we conclude that the nucleation parameter is 
independent of the alloy composition in the present study. 
Now, we can explain the appearance of a maximum undercooling at the composition 
C=1.2wt%DBBZ in figure 9. When DBBZ adding into PEG melt, there were two molecular 
species at the growing interface, PEG and PEG-DBBZ intercalate complex. The mixing of 
PEG and complex increased the secondary nucleation barrier of the alloy, which will 
decrease the secondary nucleation rate. On the other hand, the mixing increased chain 
mobility, which will enhance the secondary nucleation rate and surface spreading rate. Thus, 
the interplay between the dilution effect as well as increased secondary nucleation energy 
barrier and the increase in the mobility produce a maximun value of uncercooling curve with 
concentration.When the cornposition is <1.2wt% DBBZ, the dilution effect and increased 
secondary nucleation energy barrier dominates, while when composition > 1.2wt% DBBZ, 
the enhancement in species mobility dominates. 
5. Conclusion 
The directional crystallization technique was firstly employed to study the crystal 
growth kinetics of polymeric materials. The obvious advantage of this technique is that the 
growing interface temperature can be measured directly and accurately and that the 
steady-state growth is guaranteed. We chose PEG-DBBZ system for the experimental study, 
The phase diagram is carefully determined by DSC and we find that PEG and PEG-DBBZ 
intercalate complex constitute a simple binary eutectic system with the eutectic composition 
at S.Owt%DBBZ and the eutectic temperature at 6 1.76OC. The detailed growth kinetics study 
of pure PEG indicates that there is a regime II/III transition at undercooling - 9.5K and that 
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the growth kinetics can be understood through the secondary nudeation theory. A 
comparison with the undercooled growth of PEG shows a clear difference at high growth 
velocities (8.5 p d s ) ,  indicating that interface temperature of the undercooled growth is 
different from the bath temperature and therefore the driving force (Le., undercooling) is 
over-estimated in a undercooled growth process. 
The addition of DBBZ into PEG melt shifts the transition from regime 11 to regime 111 
to a higher velocity, but the nucleation parameter K,’s does not change in each regime since 
the crystallizing material is still pure PEG Increase in DBBZ composition first decreases 
(PEG-1.2 and 2.0wt% DBBZ), and then increases (PEG-3.0 and 4.0 wt% DBBZ) the PEG 
growth rate. Its occurrence can be explained by the interplay between the dilution effect as 
well as increased secondary nucleation energy barrier and the increase in the mobility. 
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CHAPTER 8. CRYSTALLIZATION MECHANISM IN BINARY POLYMERIC 
EUTECTICS 
A manuscript to be submitted to Macromolecules 
Jing Teng’ and R. Trivedi”’>* 
Abstract 
Eutectic structures are very commonly observed in many systems during 
solidification. The most widely used model is based on the considerations of vohme 
diffusion in the liquid phase and the interfacial energy. However, the effects of other physical 
processes, such as interface kinetics, interface diffusion and interface strain energy may also 
be dominant in some systems. Here we examine eutectic growth in a polymeric system in 
which interface kinetics play a dominant role. Experimental studies show that the interface 
kinetics consumes a majority of the available driving force for transformation and it depends 
on alloy composition. The eutectic growth scaling laws are found to be different from those 
in metallic systems. 
1. Introduction 
Controlled soIidification of metallic eutectics has been studied extensively since it 
offers the in-situ composites with unique mechanical and physical properties [ 1,2]. 
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*Corresponding author: e-maif: trivedi@ameslstb.gov, phone: ( 5  15) 294-5869, fax: (5  15) 
294-429 I .  
228 
Jackson/Hunt model [3] i s  probably the most important eutectic growth modeI, which 
provides the analysis for the coupling between the volume diffusion field o f  the growth phase 
and the curvature effect and it has been confirmed by a lot of experimental studies in metallic 
and small organic eutectics [4, 51. However, in this model, the effect of interface kinetics is 
ignored and thus it can only illustrate the eutectic growth of non-faceted materials at low 
growth rate. Interface kinetics describes how the atorns/moIecules attach themselves to the 
solidliquid interface from the Iiquid. If at least one of the phases in a eutectic system is 
faceted (such as Al-Si, Fe-C, which are called irregular eutectics), or if a 
non-facetedhon-faceted eutectic grows at an extremely high velocity, the effect of interface 
kinetics on the eutectic growth behavior can not be ignored. There are some theoretical 
studies in literature about interface kinetic effect [6, 71. However, most of them are based on 
JH model and just simply incorporate the interface kinetics into the expression of 
undercooling by assuming the continuous growth mechanism. The interface kinetic effect is 
far away from being well-characterized at present. 
Interface kinetics is a controlling factor in polymeric materials since the 
crystallization is two-dimensional nucleation control. A pretty large kinetic undercooling is 
required during the solidification of polymers, which offers us a good opportunity to study 
the interface kinetic effect in eutectic growth process. However, the attention paid to 
polymeric eutectic growth is scarce because of the following reasons. Firstly, some 
characteristics of polymeric systems, such as the heterodispersity in chain length, the 
entanglement structure o f  concentrated polymer solutions and the remaining amorphous 
phase in the solid polymer, make the eutectic solidification in these systems much more 
complex than in atomic and small molecular eutectics. Secondly, the occurrence of eutectic 
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reaction requires that the two crystallizable Components are completely miscible in the liquid. 
However, in polymeric systems, most pairs are immiscible due to the small gain in entropy 
when mixing, especially for crystalline/crystalline pairs. Therefore, it is not easy to find a 
polymeric eutectic system. Actually, in the reported miscible crystalIine/crystalline polymeric 
systems in the literature, most of them consist of components that crystallize sequentially 
instead of simultaneously [8]. 
The eutectic growth of polymeric system can provide information not onfy on 
interface kinetic effect, but on rapid solidification because of the very small diffusion 
coefficient and strain energy effect because of the high viscoelastic melt as well. Moreover, 
polymeric eutectics have wide range of applications, such as producing in situ polymer-small 
molecule and polymer-polymer composites; obtaining porous polymers with controlled pore 
size[9]; dispersing crystalline additives in polymer homogeneously; creating regular 
nanopatterned surface by directional eutectic growth[ IO]  and increasing the solubility and 
thus the bioavailability of a drug by using the polymer matrix as a carrier [ 113. 
The focus of the present research is to study the directional growth of a polymeric 
eutectic system in which both phases have strong kinetic effect, therefore to provide 
understanding to its growth mechanism. With the in-depth comprehension of the interface 
kinetics and the appropriate mass transfer mechanism in the liquid, we will endeavor to 
develop an analytical model for the polymer eutectic growth. The system we selected in this 
research is composed of polyethylene glycol (PEG molecular weight 8000) and 
p-dibromobenzene (DBBZ), with the melting points 64.0 and 87.0"C respectively, The 
external surface of PEG molecules presents valleys and ridges, the size and shape of which 
are such that they can accommodate small molecules [ 121, so that an intercalate complex 
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(compound) can form which contains 61.7wt% DBBZ and congruently melts at 96.0"C. A 
eutectic point exists between PEG and compound and the phase diagram is described 
elsewhere [ 131. 
2. Experimental 
2.1. Materials 
PEG (white powder, MolecuIar Biology Grade, Mw = 8000, PDI = 1.035 by GPC) 
and DBBZ (white crystal) were purchased from Fisher and Aldrich respectively and they 
were used as received. 
2.2. Alloy and sample cell preparation 
The master alloys were prepared by heating the solid mixtures with some certain 
compositions to 150°C under high purity nitrogen and were kept at that temperature lhr for 
homogenization after the alloy was hl ly  dissolved. 
The directional solidification experiments were carried out on a temperature gradient 
stage (TGS). The master alloy was sealed in a quasi 2D-rectangular glass tube (0.2mm height 
x 4.0mm width x 300mm length) by vacuum filling technique. A #SO pm K-type 
thermocouple was inserted in the sample cell before filling and was connected to a 
temperature recording system so that interface temperatures with velocities can be measured 
during solidification processes. The in-situ growth morphologies were captured by optical 
microscope and camera connected to the TGS. For eutectic spacing measurement, a thin slab 
sample cell was used with the thickness about 5 prn. The growth experiments were preceded 
at high G/V condition so that a monolayer structure can be obtained. The images of stable 
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interface morphologies were recorded and the spacing data were obtained from those 
pictures. 
3. Results 
3. I .  Eutectic growth morphology 
Figure 1 shows the interface morphology of directionally solidified PEG-S.Owt% 
DBBZ (PEG-S.lwt% compound) alloy, which is the eutectic composition of PEC-compound 
system. The small solute diffusion coefficient of the polymeric system results in the very fine 
length scale, thus in order to get monolayer structure, the growth has been performed on ultra 
thin film (- 5pm thickness) under high G/V ratio condition at very low growth rates. 
Figure 1. In-situ morphoIogies of directionally solidified PEG-compound eutectic (V = 0.005 
pm/s). 
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3.2. Experimental scaling laws of eutectic growth 
Variations in eutectic spacing with velocity can be obtained from the in-situ images 
and the results are shown in Figure 2 as Logh versus Log V. For each growth velocity, there 
exists a finite range of eutectic spacings, as shown in figure 2. A straight line was obtained 
with the slope - 0.33 by curve regression of the minimum spacing data. Therefore, we obtain 
the relationship of eutectic spacing with velocity as hlni:V = constant. 
The change in interface temperature and thus the undercooling with velocity has also 
been measured during the directional growth. A 200 pm thick sainple has been used in this 
experiment so that a Q50prn thermocouple can be embedded into it. The obtained interface 
temperature and undercooling were shown in figure 3(a). Figure 3(b) presented the 
undercooIing-velocity relationship in Log-Log scale and the regressed straight line has a 
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Figure 2. Spacing-velocity relationship of PEG-compound eutectic. 
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Figure 3. (a) Interface temperature and undercooling and (b) undercooling-velocity 
relationship of directional solidified PEG-compound eutectic. 
slope of 0. I6 by curve fitting, that is, ATV-*.'' = constant. Comparing with the scaling laws in 
JH model (h2V = constant and ATV-'.' = constant), and one may find that there exist obvious 
deviations in the experimentally obtained scaling laws in PEG-compound eutectic growth, 
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indicating the controlling mechanism for eutectic growth in this system should be different 
from the one assumed by Jackson and Hunt. 
3.3. Interface kinetic effect of PEG and compound 
In PEG-compound eutectic, both phases have strong interface kinetics. In directional 
solidification of a pure material, the interface temperature will only reflect the kinetic effect. 
Therefore, we can quantitatively examine the kinetic effect for both PEG and compound by 
this technique. Figure 4 compares the normalized undercooling values (AT/T,) with 
velocities for directional solidified PEG and compound, which exhibits a few significant 
features: 
0.5 
A Compound 
PEG 
I I 0.0 ! I I I I I 
0.001 0.01 0.1 0.25 1 10 100 1000 
Growth Velocity, pmls 
Figure 4. The comparison of normalized undercooling with velocity for directional solidified 
PEG and compound. 
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First, for both PEG and compound, the higher the growth rate, the larger the undercooling 
value is required, that is, the larger the kinetic effect; Second, the kinetic effect in compound 
growth is much smaller than that in PEG growth. For example, when growth rate is about 
100pds for compound growth, the value of normalized driving force that required is 0.15; 
while for this same driving force, the growth rate of PEG can only reach 0.25pm/s, which is 
two orders of magnitude smaller than that of compound. This indicates that in the subsequent 
modeling work of eutectic growth of this system, only the kinetic effect of PEG phase need 
to be considered. 
3.4. The composition effect of interface kinetics in hypo-eutectic alloys 
Though the eutectic structure is composed of pure PEG and compound phases, the 
liquid immediateIy is not the pure component due to the solute rejection at the growth 
interface. Therefore the effect of composition on the growth kinetics should be thoroughly 
investigated. This investigation is limited in hypo-eutectic region since only the kinetic effect 
of PEG phase need to be considered in the modeling work, as it was mentioned earlier. 
The interface temperatures with velocities at a fixed temperature gradient were 
measured for hypo-eutectic alloys in directional solidification processes. PEG phase was the 
primary phase in hypo-eutectic alloys so that the composition effect on PEG interface 
kinetics can be evaluated. Figure 5 gave the obtained undercooling for pure PEG and for 
PEG phase in hypo-eutectic alloys. We can see that with a small amount of DBBZ addition 
into PEG @.Owt%DBBZ), a larger undercooling is needed in order to keep the same growth 
velocity. However if more DBBZ is added, this undercooling is decreased. 
The temperature gradient effect on the interface temperature of PEG phase at fixed 
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growth velocities was also examined in directional solidified hypo-eutectic alloy with 
composition 1.93wt% DBBZ and the results were shown in figure 6.  Clearly, the interface 
temperature and thus the undercooling are independent of temperature gradient, which 
indicates that the solutal undercooling was negligible in comparison with kinetic 
undercooling in hypo-eutectic alloy, Therefore, the total undercooling that measured during 
the growth of hypo-eutectic alloy can be viewed as the kinetic undercooling, 
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Figure 5 .  Dependence of undercooling on growth velocity for directional solidified PEG and 
PEG phase in hypo-eutectic alloys. 
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Figure 6. Dependence of tip temperature on temperature gradient for directional solidified 
PEG- 1.93wt% DBBZ alloy. 
4. Discussion 
4.1. Interface kinetics of PEG in hypo-eutectic alloys 
The growth kinetics of a pure crystallizable polymer is governed by the secondary 
nucleation theoryE14-171, the growth rate can be expressed as: 
r/ = Go exp[-U' / R(T - T'>]exp[-R, / T ( A T ) f ]  
In this equation, G, is a pre-exponent factor containing a11 the quantities that not highly 
dependent on temperature, T is the crystallization temperature, U* is the activation energy 
of transport of polymer chains segment across the melt/crystal interface and 7' is a 
theoretical temperature at which all motion associated with viscous flow stops and is related 
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to the glass transition temperature of the polymer. AT is the undercooling ( TI: - T )  and 
f = 2T/(T,: I- T ) ,  which is a correction factor for temperature dependence of heat of fusion. 
K ,  is a nucleation parameter, = Zb,aa,ql: / kAh/, where Z equals 4 for growth regime I 
and 111 and 2 for regime 11, bo is the crystal monomolecular layer thickness in the growth 
direction. cr and oe are the lateral and fold-surface free energies, respectively. T,,: is the 
equilibrium melting point and Ahf is the crystal heat of fusion. 
Equation (1) is usually re-arranged as: 
Then the plot of the left-hand side of the equation (2) vs I IT (AT) f  can provide the 
information about the value of Ks (slope) and Go (intercept) and this type of data 
presentation is usually termed as LH plot. 
Boon and Azcue [ 181 modified the secondary nudeation theory in order to describe 
the crystallization kinetics of polymeric mixture. The growth rate is given by: 
where#, is the volume fraction of PEG phase and the subscript (a) means “alloy”. Since by 
empirical relation, for PEG, a = O.lb(Ah,) [ 191, the above equation can be rearranged as: 
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The plots of the feft-side terms in equation (4’) (g’) vs. I / T ( A T ) f  can be drawn for 
hypo-eutectic alloys, as shown in Figure 7. Since the actual interface temperature is much 
lower than the liquidus temperature T,,&), we use the local liquid composition at the growth 
interface to calculate $ 1 .  The local concentration is obtained through the phase diagram since 
the interface temperature has been directly measured in the growth process for each alIoy. 
Both U* and T, are considered unchanged with composition and are taken the same values 
as PEG’S since PEG is the primary phase in hypo-eutectic alloys. Specifically, U* = 
29.3KJ/mol by Kovacs’ {ZO-221 and T, is taken, by definition, as (Tg -30)K with 
T‘ -206.15K. 
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Figure 7. LH plots for directionally solidified PEG and hypo-eutectic alloys. 
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The LH plot of PEG growth was also shown in Figure 7. Three significant 
observations can be made from this figure: ( 1 )  A growth regime transition WIIT can be 
observed for PEG growth as marked by the blue arrows on the figure. For hypo-eutectic alloy 
crystallization, the transitions are systematically shifted to a higher growth rate (e.g., higher 
Composition 
wt% DBBZ 
undercooling) with the increase in DBBZ concentration, that is, the higher the alloy 
composition, the higher the growth rate needed to reach the regime transition point, (2) In 
each regime, the value of. K ,  is nearly independent of the alloy composition (Table 1) and 
Regime II Regime 111 
K, Go K, GO 
xi 04, K~ x I 09, C ~ / S  X I  o - ~ ,  K~ x 1 09, cm/s 
thus the same as that for PEG within the experimental error. (3) The Go term increases with 
the alloy composition (Table I). The detailed discussion of this part has been described 
elsewhere [ 131. 
0 
1.2 
2 
3 
4 
Table 1. Derived values of K i i  , K,"' and Go in hypo-eutectic alloys I 
2.018 0.343 4.665 625 
4.957 ' 1200 
2.336 1.49 4.588 1380 
2.454 4.25 4.33 1 1910 
2.356 17.3 
4.2. Kinetic undercooling in PEG-compound eutectic growth 
From Figure 7, we can see that the regime II/IIT transition point of PEG growth shifts 
to a higher velocity with the composition and within our experimentat veIocity range, the 
24 1 
growth of PEG phase in PEG-4wt% DBBZ alloy is always in regime 11. Therefore, for 
PEG-compound eutectic growth, in which the composition is PEG-Swt% DBBZ, the growth 
of PEG phase should also be in regime 11. The kinetic undercooling in PEG-compound 
eutectic growth can be evaluated by examining the growth data in regime I1 of PEG and 
hypo-eutectic alloys. 
We know that the growth of PEG is controlled by 2-dimensional nucleation and the 
interface kinetic undercooling can be expressed as[23 1: 
17 
ATK = A / l n ( i )  
B 
where A is a negative constant while B is a positive constant. Since our experimental 
velocities are within a small range [0.0054, 13.321 pm/s, for simplicity, we can fit the kinetic 
undercooling with the following equation: 
AT, = K,V" (6) 
which can be rearranged as: 
LnATK = LnK, + nLnV (6')  
Figure 8 is the measured undercooling with veIocity for PEG and hypo-eutectic alloys 
in growth regime I1 according to equation 6'.  It is clear that the straight lines are obtained for 
all the compositions within the velocity range for this experimental study. Therefore, the 
corresponding values of K3 and n can be acquired by curve fitting, which were also shown on 
the figure. Apparently, the value of n is independent of the alloy composition, which is 
reasonable since they are in the same growth regime. Thus, the composition dependence of 
PEG growth interface kinetics can be simply characterized by a single parameter K3. The 
relationship of K3 with composition is shown in figure 9, which can be expressed as 
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Figure 8. Variation in kinetic undercooling with velocity for PEG growth in alloys with 
different composition. 
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Figure 9. Composition dependence of kinetic coefficient K3. 
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LnK, = -0.0393C2 + 0.0743C + 2.5278. Therefore, we can get the K3 value for eutectic 
20 
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composition, which is el.' = 7.389 while n = 0.144, which is obtained by averaging n 
values of PEG and hypo-eutectic alloys. Then, the kinetic undercooling can be calculated for 
the growth of PEG-compound eutectic alloy. 
The total driving force for PEG-compound eutectic growth is consumed to drive the 
solute diffusion and polymer chain movement to maintain a curved interface for each phase 
in eutectic structure. The corresponding undercooling are denoted by ATc, AT, and ATK, 
respectively. The relationship of kinetic undercooling with velocity is ATK = 7.40Y0.'44, 
which is very close to the experiernenta1 scaling law of total undercooling with velocity 
. AT = 8.76Ya,'" Figure 10 shows the experimental measured undercooling and calculated 
Measured total undercooling 
- Calculatcd kinctic undcreooling 
m I 
I _.________ I IT 
0.001 0.01 0.1 I 10 100 
Velocity, pm/s 
Figure 10. Comparison of calculated kinetic undercooling with measured undercooling in 
PEG-compound eutectic growth. 
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kinetic undercooling. Clearly, during the growth of PEG-compound eutectic, the kinetic 
undercooling should be the major part in the total undercooling measured experimentally. 
The difference between them is  the driving force for diffusion (ATc) and maintaining 
interface curvature (ATr). 
4.3. Eutectic growth at extremum condition 
The experimental relationship of eutectic spacing and velocity followed the scaling 
law 3L3V = 0.776. According to Carpey et.a1[24], this scaling law indicates that in this eutectic 
system, the mass transfer mechanism is mainly controlled by boundary diffusion. Therefore, 
from boundary diffusion equation, the solutal diffusion underco.oling can be written as: 
ATc = K ,  VA2 (7) 
, Do is boundary diffusivity and 6~ is the thickness where ( C p  - CJC, - c, 1 
w343CC, -c,> where K ,  = 
the boundary diffusion occurs. For PEG-compound system, we can take 6~ as 7.52 nm, 
which is the dimension of the PEG random coil in the melt [25]. 
Following Jackson and Hunt, the curvature undercoolings can be expressed as: 
AT, = K, / A  (8) 
with K ,  = 2m6C(T, sin#, lIm,If,) and i = a,P . Here m = ]mamS[l(lm,I +Imp/) in which 
rn, and m p  are the magnitudes of the PEG and the compound phase liquidus slopes at the 
I 
eutectic temperature. The parameter 6 is unity for lamellar growth, which is the case for 
PEG-compound eutectic growth due to the ultra thin sample. f, and fpare the volume 
fractions of PEG and compound phases, respectively. B, is the corresponding contact angle 
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at PEG/compound/liquid triple point. Table 2 lists some of the parameters of PEG-compound 
eutectic alloy that necessary for the later calculation. 
Table 2. Physical Properties of PEG-compound Alloy 
Property 
Eutectic composition, C, 
Maximum solubitity of compound in PEG, C, 
Maximum solubility of PEG in compound, Cp 
Boundary thickness, 6~ 
Volume fraction of PEG phase, fa 
VoIume fraction of compound phase, fp  
Liquidus slope of a phase, m, 
Liquidus slope of p phase, mp 
Solute diffusion coefficient in liquid, D 
Unit 
wt% compound 
wt% compound 
wt% compound 
nm 
K/W% 
K/wt% 
m2/s 
Now, the total undercooling can be expressed as: 
AT = K,VA2 + K ,  /A + K,V” 
VaIue 
8. I04 
0 
100 
7.52 
0.939 
0.06 1 
-0.41 5 
I .234 
10- l~  
(9) 
Adopting the same assumption as Jackson and Hunt that the solid grows at the 
extermum condition and the observed spacing corresponds to the minimum undercooling for 
a fixed velocity gives d ( A T )  / dA = 0.  Differentiating equation (9) gives: 
2 K , V A - K 2 / 2  = o  (10) 
Hence: 
VA3 = K ,  / 2 K ,  
Substituting equation ( 1  Oa) into equation (9) gives the reIation between ATc and ATr 
at the extremum growth condition: 
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ATc = ATr / 2 , therefore, 
J JK2 
2 2A 
AT-AT,  =-AT, =- 
According to this equation, the sum of curvature and solutal undercooling increases 
with finer spacing, that is, higher velocity. 
Since we already caiculated the kinetic undercooiing, we can calculate the curvature 
undercooling from equation (lob) and soIutaI undercooling at the extremum growth 
condition. Then we can estimate the vahe  of De and rsin9 from experimental velocity and 
spacing. For example, V=0.0054prn/sY the measured spacing and total undercooling at this 
velocity are 5.1 pm and 3,66K, and the calculated kinetic undercooling is 3.48K. Therefore, 
the curvature undercooling is 0.12K from equation 10b and solutal undercooling is O.06K. 
Substituting'the solutal undercooling into equation (7), Dg is estimated as a value of 
1 ~ 1 0 - ' ~  m2/s, which is 3 orders of magnitude higher than volume diffusion coefficient (D) 
D, 
D 2x4 /26]. Thus D B D  is about IOOO, while h/2n6~= 108 at this velocity. Therefore -> - .
According to Cahn and Hagel [27], this indicates that diffusion along the interface boundary 
will be the dominant transport mode, which agrees with the assumption used beforehand. 
Here we calculate by using the lowest experimental velocity. With the increasing velocity, the 
always holds. spacing decreases and the inequality relationship - > - DB A D 2 x 4  
Substitute equation (8) into equation (1 Ob), the value of K2 can be calculated from the 
measured spacing at V=O.O054pds as 0.589Kym. Therefore, total undercooling can be 
roughly expressed as: 
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AT AT' + -AT,  = 7.4V0."' + 
Combined with experimental obtained scaling law h3V = 0.776, we have: 
AT = 7.4V0.'44 +0.96Y0.33 (12) 
From equation (12), the total undercooling can be calculated with velocity for 
PEG-compound eutectic growth, which is shown in Figure 1 1. Obviously, the calculated 
curve fits with the experimenta1 measured value very well. Three conclusions can be draw 
from Figure 11 : 
Measured total undercooling I 
Calculated kinetic undercooling */ - 
Y 
/ 12 --- Calculated total undercooling l4 I 
'1  
0 1  I I I 1 
0.001 0.01 0.1 1 10 100 
Velocity, pm/s 
Figure 1 1. Calculated kinetic undercooling, total undercooling and the comparison with 
measured total undercooling in PEG-compound eutectic growth. 
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Firstly, interface kinetics of PEG phase growth consumes the vast majority of total driving 
force in the eutectic growth. Secondly, the sum of curvature and solutal undercooling 
increases with velocity, which is demonstrated by the increasing difference between the 
calculated values of total and kinetic undercooling. This is agrees with the prediction from 
equation ( 1  Ob). Therefore, the third conclusion is the eutectic growth of PEG-compound 
alloy operates under a condition close to extremum condition, that is, minimum interface 
undercooling. 
5. Conclusion 
The growth behavior of a polymeric system, PEG-DBBZ, in which PEG and 
PEG-DBBZ compound can form a eutectic alloy, was studied by directional solidification 
technique in this research. In this system, the interface kinetics in PEG phase growth is much 
stronger than that in compound phase. For PEG phase, this interface kinetics is controlled by 
2-dimensional nucleation and the kinetic effect depends on the alloy composition, 
The experimenta1 study in PEG-compound eutectic growth shows that interface 
kinetic process consumes the vast majority of total driving force for eutectic growth. For total 
undercooling, AT = 8.76Y0-'6 ;while the extrapoIate kinetic undercooling is ATK = 7.40Y0-144. 
The difference between them is consumed to maintain a curvature of solid/liquid interface for 
both phases in eutectic structure, and to drive the solute transport in the liquid, which is 
controlled by boundary diffusion. Eutectic growth in this system proceeds at a condition 
close to minimum interface undercooling. Based on the specific mechanisms of interface 
kinetics and solute transport, the semi-empirical model developed in this study can describe 
the experimental observed scaling laws. 
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CHAPTER 9. GENERAL CONCLUSION 
Phase diagrams of PEG-DBBZ and SCN-camphor eutectic systems are carefully 
determined by using a variety of experimental techniques. Detailed experimental studies are 
carried out comparatively in these two systems for both eutectic and primary phase growth in 
order to examine the physics governing the pattern formation. 
' The directional solidification technique is employed to investigate the growth kinetics 
of pure PEG for the first time, in which the interface temperature is accurately and correctly 
measured for a steady state growth process, i.e., the growth velocity is preset and remains 
constant. The growth can be understood through the secondary nudeation theory with a 
regime WIII transition at undercooling - 9.5K. A comparison with the undercooled growth of 
PEG shows a dear difference at high growth velocities, indicating that the driving force is 
over-estimated in the undercooled case. 
The addition of DBBZ into PEG melt causes the regime IMII transition to shiR to a 
higher velocity, but the nucleation parameter Kg's does not change in each regime. At the 
same undercooling, the PEG growth rate first decreases then increases with DB3Z 
composition, which can be explained by the coupling of dilution effect, increased secondary 
nucleation energy barrier and the improved mobility. 
The experimental study of PEG-compound eutectic alloy yields the scaling laws of 
eutectic growth for this system, h3V = constant, ATV0.l6 = constant, which cannot be 
described by any existing eutectic (eutectoid) growth models. Interface kinetic undercooling 
is found to constitute the vast majority of total undercooling for eutectic growth in this 
system, The extrapolated kinetic undercooling is AT, = 7.4V0."", which is cIose the total 
2 53 
undercooling AT = 8.8V0.'6 . The difference between them is consumed to maintain a 
curvature of solid/liquid interface for both phases in eutectic structure, and to drive the solute 
transport in the liquid through boundary diffusion. Eutectic growth in this system is found to 
proceed at a condition close to the minimum interface undercooling. Based on the specific 
mechanisms of interface kinetics and solute transport, a model has been .developed to 
describe the experimentally observed scaling laws. 
In SCN-camphor system, the experimentally obtained scaling laws follow the JH 
model predictions very well if the sample is thick enough to allow more than 6 layers of rods 
to grow, where the rods can assume the ideal shape and regular hexagonal arrangement. 
However, if the sample thickness is  comparable to the natural eutectic spacing within a factor 
of 2, a single Iayer of rods can evolve and the cross-section of such a rod is elliptical with the 
major axis aligned either along the sample width or thickness direction. The diffusion field 
has been solved in the elliptical cylindrical coordinate system and it is found that a strong 
angular solute flux exists, which forces the shape of a rod to conform to the growth domain. 
In the SCN-camphor system, the dynamics of eutectic spacing selection is examined. 
For a velocity-decrease process, elimination of arrays of rods operates to increase the spacing; 
while for a velocity-increase process, tip splitting controls the re-adjustment of rod spacing 
and the initial tip instability i s  controlled by the domain shape for the growth. 
The growth behavior of SCN-base dilute alloys has also been examined on some 
interesting subjects. The single cellular structure in a thin capillary tube is grown in 
SCN-9.6wt% and 13wt% camphor alloys to examine the similarity of cell shape with 
Saffrnann-Taylor (ST) finger pattern and the relationship of tip undercooling with growth 
condition. The results show that when dJh is smaIler than 0.6, the cell shape is found to 
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follow the 3D ST finger shape and the tip undercooling agree with 3D ST model. The 
cell-dendrite transition (CDT) is investigated in alloys containing 0.35, -0.65 and -0.9wt% 
camphor and it is found that the relationship hcd (GV)1’3C,”4=25.3 prn (W~)”~def?nes the
cellldendrite transition boundary. 
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